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PREFACE
On behalf of the organising committee, we welcome you to the Resource Operators’ Conference
(ROC2022). This conference is hosted jointly between the University of Wollongong (UOW) and the
University of Southern Queensland (USQ) and is supported by the Illawarra Branch of the Australasian
Institute of Mining and Metallurgy and the Mine Managers Association of Australia.
It is with great sadness that I report the passing of Mr Bob Kininmonth on January 13th 2022. Bob was
highly regarded as a truly professional mining engineer who played a huge role in shaping the Australian
coal mining industry, passionate about mine safety and mining education. Bob was a long-term
contributor to the Annual Australian Coal Operators’ Conferences and from its beginning, contributed to
the meticulous editing of the conference papers and helped raise the bar with respect to the high
standard of the proceedings. Bob received the Annual Australian Coal Operators Conference Award “In
recognition of his outstanding contribution to Australasian mining and the Coal Operators’ Conference”.
Bob was also engaged in editorial work, editing many ME and PhD Thesis at the University of
Wollongong. He is sorely missed.
Due to the ongoing uncertainties of COVID19 and the emergence of Omicron, a decision was been
made to hold ROC2022 totally online instead holding the conference in a hybrid format. Whilst we are
disappointed that we are unable to bring the industry together in a face-to-face format, the safety of our
communities took precedence.
In this conference 26 papers have been submitted for presentation over the two day online conference.
The conference focuses on innovations and best practice in the areas of worker safety and reducing the
environmental impact of the mining sector. Additionally, the conference addresses issues relating to
various aspects of modern mining operations, both surface and underground, bringing together industry
experts and university researchers to share their expertise and knowledge to help the industry work in
a safer environment and more efficiently.
As differing opinions is expected to occur at the conference, delegates are to show a level of
professionalism and courtesy when participating in the conference event. In addition, presenters are
obligated to adhere to the principle of respect and collegiality as the conference is supported by many
professional organisations including the AUSIMM. In particular, the section in the AusIMM Code of
“Ethics about intentionally or recklessly says or do anything that could injure the reputation of another
member”.
Thanks are extended to Professor Gursel Alici, the Executive Dean, Faculty of Engineering and
Information Sciences, the University of Wollongong and Professor Kevin McDougall, Head of the School
for Civil and Surveying, the University of Southern Queensland, for their full support and encouragement,
which energised us to move forward with this conference despite of the difficult circumstances. Thanks
also to AusIMM, (Illawarra Branch), BBUGS, NUGS and the conference sponsors. Finally, a big thank
you to the organising team, which made this conference possible, in particular Johlene Morrison for
setting up and managing the conference website, Dr. Ali Mirzaghorbanali of USQ, Kevin Marston,
Dr. Zhenjun (Ricky) Shan, and the conference advisory committee members. Finally, sincere thanks to
authors and participants, who form the backbone for the success of the conference. The online zoom
connection was facilitated by the University of Southern Queensland.
All papers are peer reviewed to maintain the conference’s high standing and recognition. All proceedings
are available online through the University of Wollongong Library Research Online.

Professor Naj Aziz
Conference executive Chairman
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TRIBUTE TO ROBERT JAMES (BOB) KININMONTH
20 September 1929 – 13 January 2022

Coal Operators’ Conference award to Bob in
recognition of his contribution to Australian
mining, 2012

Launching monogragh 12 of the AUSIMM at
Coal Operators’ Conference, 2010

L-R: Jan Nemcik, Ting Ren, Paul Welling, Bob Kininmonth, Ray Tolhurst , Ian Gray, Martin
Velzeboer - 12th Coal Operators Conference Plenary Session, 16th February 2012
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Session Chair for speaker Jason Emery, 2013

Bob talking with Dieter Bruggemann, 2013

Conference dinner, 2011

Bob and UOW research team during the
conference tea brake, 2018

Conference Tea brake, Bob with Delegates
2017

Bob at the UOW Yard café with Research
Group, 2019

Vale Robert James “Bob” Kininmonth
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COAL MEASURE ROCKS AND THEIR PROPERTIES
Ian Gray1 and Jeff Wood2
ABSTRACT: Coal measure rocks tend to have anisotropic and elastically non-linear behaviour.
Understanding this is a key to understanding strata behaviour in coal mines. This paper discusses which
properties matter and how they can be measured. Some new test methods are introduced. The paper
also discusses the relevance of geophysics in determining these properties.
INTRODUCTION
Figure 1 shows a schematic cross section of a longwall. Above coal seam is some weak rock that
collapses to form the immediate goaf. Above this there are some stronger rocks which might act as
individual layers, or might act together to form a thick, strong cantilever, or if we consider three
dimensions, a plate. It is possible that these plates will pull apart through the direct effect of gravity. In
this case the important property is the tensile strength perpendicular to the bedding plane. The layers
above will either individually, or as a group, act in bending. Bending of a plate that is acting as a
cantilever will induce tensile stress in the top of the plate above the face and compression at the bottom
of the plate. Rocks are normally weaker in tension than in compression and therefore the tensile strength
of the rock parallel to bedding is important.

Figure 1: Schematic view of a longwall with tests that might be used to determine rock
properties, (Gray, 2020)
In addition to tension and compression, shear stresses will exist. These shear stresses can easily be
thought of as acting perpendicular to the plates of rock, but in addition the conjugate shear stress exists
along the bedding plane. It is the shear strength along the bedding planes that may control the failure
of the layers. Once shearing has taken place the thinned plates have far less resistance to bending
failure than the thicker unit and are likely to fail in sequence. This is the mechanism of failure which is
likely in the weak rock shown as existing above the coal in this example.
While the shear stress along the bedding plane is not necessarily the greatest shear stress within the
rock mass, it is frequently the plane on which failure is most likely. If the rock is massive or the bedding
planes have similar strength to the rock mass, then shear failure across the bedding planes is possible.

1
2

Principal Engineer, Sigra Pty Ltd. Email: ian@sigra.com.au Mob: +61 419 783 535
Principal Geologist, Sigra Pty Ltd. Email: jeff@sigra.com.au Mob: +61 419 783 534
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At the coal face the situation is one of compression of the coal without confinement. The same applies
to the immediate roof at the face which is likely to be in compression.
While the situation described here addresses the loads brought about by gravity there is a pre-existing
loading situation within the rock mass. This comprises the pre-existing stress field within the rocks which
is disturbed by mining. Mining brings about failure by sequentially unloading the stress at mined
openings or around the longwall goaf. This sequential unloading can lead to major stress concentrations
and in particular the shearing of the rock mass along bedding planes.
The measurement of rock stress is described by Gray (2018). The way in which this stress is
redistributed is dependent on the shape of the mine openings and the stress-strain behaviour of the
rock. The nonlinear and anisotropic pre-failure stress strain behaviour is described in some detail by
Gray, Zhao and Liu (2018). This paper looks in more detail at measuring the failure properties of the
rock.
All too frequently, testing has become a rote process of taking representative samples of each lithology
and sending them off for uniaxial compressive testing, interspersed with the occasional triaxial test, to
determine failure properties. The problem with this approach is that the failure mode in these tests is by
shearing at an acute angle to the sample axis which, in vertical holes, is generally across the bedding
planes. Furthermore, the only pre-failure parameters measured are the axial Young’s modulus and
associated Poisson’s ratio. As most laminated rocks have quite different mechanical properties
depending on the direction, this is very limiting. Not only are most coal measure rocks anisotropic, but
they frequently display quite significant non-linearity prior to failure. The test process, therefore, needs
to be thought about carefully.
ROCK STRUCTURE
Where jointing exists, it is likely to have a major effect on rock behaviour. This is because the presence
of an un-cemented joint will destroy all tensile strength across it and will remove the cohesive component
of the Mohr-Coulomb strength. Therefore any jointing needs to be measured. The best way to do this is
as part of the core logging process. Core logging enables the lithology to be determined and the joints
to be measured in terms of orientation and the nature of the joint. The joints can then be aligned with
information from the acoustic televiewer scan of the hole. The acoustic televiewer can never do the
same job as having the core available because it does not look inside the joint to determine to what
degree it is open, nor can it provide information on joint infill. If joints are filled then thought must be
given to measuring their strength.
Another structural feature that frequently dominates the behaviour of sedimentary strata is bedding. This
is not only because lithology changes across the bedding, but because the bedding planes have quite
different properties to the rock on either side of them. This variation may be apparent on clearly visible
bedding surfaces or may be hidden in the rock mass itself. An example of this is where mica is deposited
parallel to the bedding, with the results that the rock is extremely weak in tension across the bedding,
strong in tension parallel to bedding and has a shear strength on the bedding plane that is a fraction of
that across it. This highly anisotropic behaviour extends to the rock’s elastic behaviour also. Proper core
logging enables observations for inhomogeneity and the choice of samples, and how they should be
geotechnically tested.
In the case of coal its cleating frequently controls the behaviour of the coal. It does this in a similar
manner to larger joints but frequently at a much higher frequency. The presence of cleating and its
spacing will determine whether the coal has cohesion and strength, or at the extreme end of the
spectrum behaves as a granular mass. In the latter case the coal will need confinement to have any
strength. Coal without cleating will tend to be of high strength and will therefore if highly stressed be
prone to coal bursts. Coal that is highly cleated will, if gassy, be prone to outbursts (Gray and Wood,
2022).
Figure 2 shows a section of core with significant fracturing that is unlikely to coal burst, but may, if
gassy, outburst. In this the fracturing is highlighted with orange. Figure 3 shows a section of core without
fractures which will not outburst but by the nature of its high strength, and in this specific case lower
modulus, might be prone to coal bursting.

University of Wollongong, University of Southern Queensland, February 2022
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Figure 2: Coal core with significant fracturing marked in orange

Figure 3: Coal core without any fracturing
The coal shown in Figure 3 is not the sort of material that will outburst in a coal storm event as these
are associated with fine fault gouge, but is rather the material that is associated with failure which leads
to dilation and pressurisation of the void space caused by this dilation. This pressurisation may take

University of Wollongong, University of Southern Queensland, February 2022
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place if the desorption rate of the coal is adequate to pressurise the voids without leakage through the
face. If the fractures were parallel so that little fracturing existed perpendicular to them then the potential
for a blocky outburst is more likely. Figure 2 also enables a sizing of the potential fragments that may
form with dilation. This is important in assessing the characteristic particle size ranges that may form on
dilation. These sizes affect the rate of diffusion. Equation 1 describes the key dimensionless time
parameter determining how diffusion behaves from spheres (Crank, 1975).
𝒇𝒏(𝒕) = √
Where

𝐷

𝑫𝒕
𝒂𝟐

𝟐

= √𝑫𝒕
𝒅

(1)

is the diffusion coefficient (m 2/s)

𝑎

is the characteristic lump radius (m)

𝑑

is the characteristic lump diameter (m)

𝑡

is the time (s)

From Equation 1 it can be seen that the square root of the diffusion coefficient of diffusion and the
inverse of the particle size control the rate of diffusion.
ROCK TESTING
Rock testing can be divided into those tests that measure the elastic parameters of the rock and those
that measure the failure strengths. Few measurements are made of post failure behaviour because the
transition to this involves such a rapid loss of strength that special test equipment is required to record
it. This means very stiff testing systems which have rapidly responding servo control. These are
therefore beyond the reach of most testing programmes. Undertaking a number of different tests of
relevant parameters is still possible. The normal tests that are conducted as part of exploration and
geotechnical evaluation are uniaxial compressive tests, a few triaxial tests and some point load tests.
These tests are relevant but miss much of the information that should be gained. As vertical core holes
are predominantly drilled across the bedding planes the shearing that occurs in a triaxial test is through
these. Unless tensile splitting of the specimen occurs, this is also the case for uniaxial tests.
Point Load Tests
In the point load test is the core is loaded to failure both axially and across the diameter. The resulting
value is normalised to a 50 mm diameter core. This test gives a difference in strength of the rock to
loading in different directions. The index is just that though, because the test imposes a complex loading
situation on the core. Failure may be by local crushing but is usually by some mixture of shear and
tensile stress. If a core containing bedding plane weakness is tested across its diameter, then the
probable failure mode is predominantly by tensile stress across the bedding. If a lump of core is point
load tested coincident with the core axis then the result is more of a measurement of tensile strength
parallel to the bedding. These are useful measurements but they are not precise, as the stress situation
around the spherical points causes complex local stresses. Correlations between point load tests and
the uniaxial compressive strength of rock are not helpful where the rock is anisotropic. In practice, one
of the problems with the use of the point load test is ensuring that a representative sample is taken and
not just the stronger material which it is easier to test.
ROCK STRENGTH TESTS
Uniaxial Compressive Tests
To be really useful uniaxial compressive tests should be conducted with some means of axial and
circumferential strain measurement. From these it is possible to determine the axial Young’s modulus
and the Poisson’s ratio that is associated with it. If the test is conducted in cycles of loading it is also
possible to determine the component of plastic offset after each loading cycle. The plastic component
may be very large and is normally missed in conventional uniaxial testing where the load is increased
to failure. It is also important in rock behaviour. Figure 4 shows the results from uniaxial testing on a
fairly non-linear sandstone while Figure 5 shows the permanent offset associated with each cyclic load.
The latter shows a not uncommon feature where the circumferential offset is greater than the axial.

University of Wollongong, University of Southern Queensland, February 2022
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Figure 4: Example of cyclic uniaxial test results on a sandstone.
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Figure 5: Example of permanent strain offset on a sandstone.
Tensile Testing
Because of the importance of the tensile strength in rock behaviour this is an important measurement
that needs to be taken seriously. The conventional approach is to use the Brazilian test where a section
of core is loaded across its diameter. Like the point load test this is really an index test as the loading
process uses line load compression to generate tensile stress through the shape of the sample. Failure
is by a combination of local compression, shear and tensile stress. The basis of determining the tensile
strength comes from a theoretical calculation of the tensile stress generated in an elastically linear
sample. A lot of sedimentary rock is however highly non-linear. The tensile stress calculated from the
Brazilian test is usually that of failure perpendicular the bedding. Figure 6 shows Brazilian test apparatus
that is suitable for field use.

University of Wollongong, University of Southern Queensland, February 2022
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Figure 6: Site Brazilian test equipment – test cylinder with hand operated pump
A better way to determine the true tensile strength of rock is to cut a biscuit of core and to glue it in side
plates and to stretch it to failure. Typically an HQ-3 core of 61 mm diameter is cut into a disc of 15 mm
width and glued to side plates. The sample is then loaded in tension until failure. The tensile strength
and stiffness can be measured by this method. Figure 7 shows a biscuit of core that is ready to be glued
in place while Figure 8 shows a core biscuit between the glued on plates that have been loaded to
failure.
The use of axial tensile testing is more conventional. It involves gluing core in end holders and stretching
it axially to failure. This test provides a direct measurement of the tensile strength resisting delamination.
The Brazilian test does not do this and the point load test across the diameter of the core gives some
approximation to tensile strength in this direction.

Figure 7: Prepared sample disc

University of Wollongong, University of Southern Queensland, February 2022
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.
Figure 8: Failed transverse tensile test disc between glued on plates
Shear Testing
The shear strength of rock against failure along the bedding plane is extremely important in sedimentary
rock. As already discussed, the triaxial and uniaxial test processes do not measure strength in this
orientation. The conventional approach to obtain this strength is to cement a core sample in a shear box
and load it laterally. This is a slow and comparatively costly operation.
A quicker process have been developed, which is called the simple shear test. In this a section of core
is loaded in a saddle placed on a spherical self-aligning mounting within a universal test machine. The
sample is loaded to failure in simple shear. Almost invariably the sample fails at one end and the failure
stress is calculated as being half the load divided by the core area. The calculated shear strength does
not precisely correlate with the Mohr-Coulomb cohesion term because of the nature of the loading. It is
however a very quick test to perform and gain a statistical understanding of the variability of shear
strength transverse to the core. Figure 9 shows a core sample sitting in the testing saddle before vertical
load is applied to the upper element by a universal test machine.

Figure 9: Direct shear test of core

University of Wollongong, University of Southern Queensland, February 2022
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The authors have also modified a Russian test process – the GOST (ГOCT, 1988). This is particularly
suitable for measuring the shear strength of rock in terms of the Mohr-Coulomb failure criteria. The
equipment used for this purpose is shown schematically in Figure 10. In this the core is placed within
cylindrical restraints in a split test cylinder. The angle of the split cylinder is then adjusted and the
specimen is loaded to failure. This process can be repeated to measure failure on adjacent planes at
different angles of loading. These different angles create differing ratios of normal to shear stress.
Several test results can be used to create a Mohr-Coulomb failure envelope as shown in Figure 11.

F

Core
Split cylinder
holding core
………….

Rollers

F
Figure 10: Schematic diagram of modified GOST Shear Test Apparatus

Figure 11: Modified GOST shear test results with fitted Mohr-Coulomb failure envelope
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Protodyakanov Index Test
This is a test on lumps coal (or other weaker rock), with measurement of the coal size reduction. The
process involves four weighed sets of coal consisting of 5 subsamples each with size range 20 to 30 mm
and weight 40-60 g. The subsample is placed in an apparatus comprising a drop hammer of 2.4 kg
weight with a 600 mm travel as shown in Figure 12. The diameter of the hammer is 66 mm and the tube
it falls within is 76 mm. The number of hammer blows depends on coal strength and is determined
experimentally. The volume of fines of less than 0.5 mm diameter is measured in a measuring cylinder
(a tube of 23 mm diameter). The height of fines in the measuring tube after crushing of one set
(5 subsamples) should be in the range of 20 – 100 mm, otherwise the number of blows should be
adjusted experimentally. For the coal usually one blow is enough, but for some strong coals 2-3 blows
are required.

Figure 12: Drop hammer equipment – measuring cylinder with scale and tube with drop
hammer
The f coefficient for the Protodyakanov Index is defined by Equation 2:
𝑓20−30 =

20∗𝑛
ℎ

(2)

Where 𝑓20−30 is the toughness index (for 20 to 30 mm size range)
n

is the number of hammer blows

h is the scale measurement in the cylinder after 5 subsample tests (mm).
The final result is an average of 4 measurements.
The general threshold f value less than 0.5 is indicative of outburst proneness.
An extension to the test method for fine coal where it is not possible to obtain 20 to 30 mm lumps is to
sieve the sample for the 1 to 3 mm range. This is then hammered three times and the size reduction
noted by a measurement in the fines cylinder.
In this case, if 𝑓1−3 > 0.25
Then the equivalent

using Equation 3 with n = 3

𝑓20−30 = 1.57 × 𝑓1−3 − 0.14;

(3)

otherwise if 𝑓1−3 ≤ 0.25 then
the equivalent

𝑓20−30 ≡ 𝑓1−3

Summary of Rock Tests
Figure 13 shows the Mohr’s circles of failure for the various strength tests along with the Mohr –Coulomb
failure envelope. The three index tests of point load, Brazilian test and Protodyakanov Index are shown
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in an area of compression, tension and shear which reflect their complex loading. The uniaxial test is
shown with one side of Mohr’s circle being in compression while the other carries no stress. The triaxial
test has both sides of the Mohr’s circle in compression. The GOST test shear is shown as a point though
it could equally well be shown with a Mohr’s circle passing through it. The hydrostatic test is described
by Gray, Zhao and Liu (2018); it is not a test to failure.
What must be kept in mind when looking at Figure 13 is that the Mohr-Coulomb failure envelope will
vary with the orientation of potential failure with respect to the rock anisotropy. A number of different
failure envelopes may apply to the same rock.

Figure 13: Stress loadings imposed by various rock tests, Gray, 2020
GEOPHYSICS FOR ROCK PROPERTIES
Borehole geophysics gives some indication of lithology types and more particular changes in lithology.
From a geotechnical viewpoint sonic logs and acoustic televiewer images are particularly useful. Full
waveform sonic logs can be interpreted in terms of the dynamic Young’s modulus and Poisson’s ratio.
The interpretation is, however, invariably given in terms of isotropic rock behaviour and therefore
information on anisotropy cannot be obtained. The use of correlations between the Young’s modulus
determined from the sonic log and laboratory determined moduli can be useful. Taking this further into
trying to assess rock strength from the sonic log is tenuous. The use of oilfield tools with rotating dipoles
would permit the determination of fast and slow shear waves and with them an indication of anisotropy.
This technology has not yet been adopted in coal mining.
The use of the acoustic televiewer is immensely valuable in determining structural features and bedding
plane orientation from the borehole image. It does not remove the need to log core to see the structural
features and examine their physical state. However, by reconciliation of the core log and that of the
acoustic televiewer image, it is possible to orientate the core, and thus save on the complications of
obtaining orientated core by other more complex means. The acoustic televiewer image also enables
the borehole wall to be examined for breakout or tensile fracturing. These features are a function of
stress at the borehole wall caused by concentration of the rock stress by the borehole. In dry holes
where acoustic televiewers cannot be used, optical televiewers may be used. Hatherly et al (2009) take
the use of borehole geophysics even further with the development of the Geophysical Strength Rating.
Borehole geophysics alone cannot, however, make up for having some core to look at and test. The
properties of sedimentary rocks are too complex to determine from geophysics alone. The process
should be one of using the geophysics to assist in the interpolation of properties from point
measurements.
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CONCLUSIONS
This paper emphasises the need to consider the anisotropy of rock behaviour and in doing so the use
of the appropriate test techniques to measure rock properties. Core testing is still needed and the test
method needs to suit the stresses to which the rock may be subject. Referring to Figure 1, the picture
of the longwall, we can consider what testing might advantageously be undertaken. Starting at the face
we might test the coal using the Protodyakanov Index to find out its outburst and coal burst proneness.
In addition, we should have certainly considered the coal structure by examining the core and measuring
the cleating and other fractures. Testing the coal by cyclic loading may also be useful as it will show up
any inelasticity and also give a compressive strength. Both of these are fundamental to the stability of
the face and the propensity of the face to a coal burst. If we look at the immediate roof then point load
testing will give an indication of its proneness to delaminate. Getting the horizontal compressive strength
out of a vertical exploration core is difficult as it requires sub sampling of the core. It is also necessary
to consider the shear strength both on the bedding planes and across them. The simple shear and the
modified GOST shear are appropriate and economic test processes for the former. More conventional
uniaxial and triaxial testing may be used for shear across the bedding.
Tensile strength is important both in terms of direct delamination across the bedding planes and in terms
of the strength of rock beams or plates. Whilst a point load test across the diameter of a core will give
an indication of the strength of the core to resist bedding plane delamination, this is much better done
using a direct axial tensile test on a core. A similar comment may be made about the preferability of
using direct transverse tensile testing of a biscuit of core compared to Brazilian testing.
While borehole geophysics is well suited to determining similar rock types it is not ideal for use in
determining rock properties where the rocks are anisotropic. The equations used to derive properties
from sonic logs are on the basis of isotropic material and there are no direct means to derive anisotropic
behaviour. While the acoustic televiewer is of great value in structural analysis and the determination of
breakout as a stress indicator, it still cannot provide information on what infill exists within a joint.
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UCS PREDICTION BY GROUP-BASED MACHINE
LEARNING METHOD
Jimmy Xuekai Li1, Matt Tsang2, Stephen Giese3, Ruizhi Zhong4, Joan
Esterle5, Claire Pirona6, Mojtaba Rajabi7 and Zhongwei Chen8*
ABSTRACT: Rock Uniaxial Compressive Strength (UCS) is an important parameter for almost all
aspects of geomechanics and geotechnical designs and analysis. Traditionally, it was determined by
laboratory experiments or calculated from the sonic log (e.g., Sonic Transit Time (STT)) using empirical
or curve fitting correlations. However, due to the complex mineral composition and heterogeneous
porosity in sedimentary rocks, the data distribution pattern of the UCS-STT relation could not be
precisely described by the empirical equations with simple fitting curves. To overcome this challenge,
machine learning methods have been increasingly adopted in the literature to predict the UCS from the
geophysical logging data. The accuracy of the machine learning predictions relies on the quality of
training data, and it may vary with rock type. In this paper, the “prediction based on group classification”
concept was adopted, and a Group-based Machine Learning (GML) method was introduced to predict
the UCS, which has demonstrated better performance than the conventional machine learning methods.
The data analysis procedure to achieve high-quality training input data was demonstrated, and the
techniques of data cleaning before the training was recommended. The implementation of the GML
method requires using unsupervised learning models to classify the group of rock types firstly, and then
the UCS values are predicted by the machine learning models trained for different groups; for each
group, multiple machine learning models are evaluated. Finally, the previous two steps were integrated
for the automatic group-based UCS prediction from the geophysical logs.
INTRODUCTION
The Uniaxial Compressive Strength (UCS) has been widely used in the evaluation of the in-situ rock
strength and the structural competence in the mining industry. It is conventionally measured by the
laboratory rock compressional experiments, which is time-consuming and expensive. Field tests of
underground rock or outcrop exposures such as ball-peen hammer test or point-load test are also
frequently used as rough index test of UCS (Mark and Molinda, 2005). In Australian context, UCS is
routinely measured in the laboratory or indirectly predicted by using empirical correlation with sonic
logging data, either Sonic Transit Time (STT) or compressional wave velocity (Vp) (Butel et al., 2014;
Hatherly et al., 2016; Zhou and Guo, 2020). This was particularly beneficial at the planning stage since
the UCS estimate was performed in a faster way for the continuous borehole intervals. Summary of
various empirical relationships between UCS and sonic data can be found in a number of literature, such
as Aladejare et al.(2021) and Miah et al. (2020).
However, the rock strength is not only related to the sonic response in the rock mass but also correlates
to the other geophysical properties such as rock density, porosity, and natural radiation that reflects
elemental and mineral composition. These rock properties are often measured in the exploration
boreholes by routine wireline logging programs. Thus, researchers have been using them as additional
1
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input parameters besides the sonic data to develop machine learning models to predict the UCS, which
attracts increasing attention in recent years. For example, Asadi (2017) used density, penetration rate,
porosity and sonic data as input parameters to train an artificial neural network (ANN) for the UCS
prediction. Barzegar et al. (2020) used an ensemble tree-based machine learning model to predict the
UCS of travertine rocks. Chen and Zhang (2020) developed a physics-constrained Long-Short Term
Memory for the prediction of geomechanical properties. Sun et al. (2020) developed hybrid machine
learning models to estimate the UCS. Chemmakh (2021) used machine learning methods to predict the
UCS and tensile strength of the Bakken field rocks. More recently, Zhong et al. (2021) applied the
advanced XGBoost (XGB) machine learning algorithm (Chen and Guestrin, 2016) to predict the UCS
and Young’s Modulus by using geophysical logs for Australian coal mines.
Due to the limited quantity of the laboratory UCS data with the corresponding geophysical logs, we
contend that the machine learning methods built on insufficient data (hundreds of data points or less)
were used in the literature, resulting in the training data not being representative of the actual scenario.
Zhong et al. (2021) used 4,000+ data points for the model training. However, the predicted results
tended to concentrate on the centre of the data cluster due to the uneven data distribution of the training
data. These difficulties impose challenges of applying machine learning methods to the UCS prediction,
because it reflects the source sampling bias of a heterogeneous system.
The group before prediction concept has been adopted in the user manual of the GOHFER 3D software,
where the sonic data were divided into different lithology categories before being used for Young’s
modulus prediction (Barree, 2018). However, lithology might not be a good indicator to distinguish the
rock type with different geotechnical properties. For example, the rocks with similar sonic velocity and
UCS ratings might belong to different lithologies. The sonic-UCS empirical fitting curves were very
similar for the different rock lithologies except for the coal (Barree, 2018).
In this paper, a Group-based Machine Learning (GML) model for UCS prediction was developed and
implemented. Grouping data was the first process in the exploratory data analysis phase of a data
science project. It divided the data into different groups based on shared characteristics or properties. If
data points were closed to each other, then they would be grouped together in the same cluster, and
those that were far away would be placed in another cluster. Once the training data were divided into
groups, the machine learning models were trained for each group, and the trained models were saved
individually for further use.
The STT, Gamma Ray (GR) and formation density were used as the input parameters for the UCS
prediction machine learning modelling. An unsupervised learning method (K-means) automatically
divided the training data into k groups, where the k referred to the number of centroids assigned in the
dataset. A centroid was a location representing the centre of the group. Every data point was allocated
to each of the groups by reducing the in-cluster sum of squares. There was generally an abundance of
laboratory UCS testing available for Australian collieries that, in many instances, have been correlated
with sonic logging from borehole exploration but not often with density and gamma log data. A python
script has been developed to extract the STT, GR and density (input data) from the corresponding
sample depth of the geophysical logs for the available laboratory UCS (output data). The integration of
the input and output data were clustered into groups before performing the machine learning modelling.
The result of the GML method showed improvement of the random forest prediction and a significant
increase in the accuracy of the XGBoost prediction compared to the conventional non-grouping machine
learning methods.
DATA ANALYSIS AND CLEANING
Inaccurate and incorrect data could greatly compromise the performance of any machine learning
model. Data analysis and cleaning were therefore critically important before machine learning modelling.
Some common data cleaning operations included identifying and removing the single appeared values,
duplications, NaN (not a number) readings and etc. Many types of errors might exist in a dataset, which
required not only the typical data cleaning operation in a standard statistical analysis but also
sophisticated methods on many occasions. Domain knowledge might also be required to process the
complex datasets of geotechnical and geophysical field and laboratory testing results.
Besides the general data analysis and cleaning operations, some common errors in the training dataset
included:
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Tool failure: the downhole wireline logging or logging while drilling tool failure or malfunction
might result in zero or extraordinarily high or low readings. This error usually was easy to
identify. The missing log data for the intervals might also be predicted by machine learning
methods (Zhong et al., 2020).



Inconsistent unit: this happened when extracting the corresponding geophysical logging data
for the laboratory UCS. For example, the unit of STT used in some old logging datasets (LAS
files) was μs/ft; however, in the new logging dataset, it was μs/m. It might be identified by
visualizing the training data. The best practice was to check the header of the LAS files to
confirm if the consistent units were used.



Invalid laboratory UCS test result: A length to diameter (L/D) ratio of between 2 and 3 was
generally recommended for UCS tests with scientific and technical utilities (Hawkins, 1998;
Güneyli and Rüşen, 2016). However, there were large numbers of specimens used for UCS
laboratory tests. The UCS test result of the unqualified sample should be removed as long as
the L/D information was available.



Inaccurate geophysical logging data: This error was also known as the boundary effect for the
logging data (Zhou and Esterle, 2007; Zhou and Esterle, 2008). It happened when the core
sample was retrieved from the location closed to the formation boundary/interface. Previous
researchers have studied this type of error and suggested that the samples should be located
at the centre of uniform (flat) log segments rather than the depths where the log gradient was
steep (McNally, 1987; Butel et al., 2014).

The boundary effect on the log readings of the formation closed to the coal seam was demonstrated in
Figure 1. The samplings of the downhole logging tools were always from certain depth intervals, which
was known as the vertical resolution. The typical vertical resolution of commonly used logging tools:
STT (1.4 m), GR (0.3 m), density (0.37 m), neutron (0.61 m) could be found on the tool technical
specification sheets (Weatherford, 2021). Therefore, the response of the logging tool for the transition
of formation lithology was often in a gradient manner. The gradient transition intervals identified for GR,
STT, and density logging data were about 0.4 - 0.45 m (Figure 1). The vertical resolution of the acoustic
televiewer scanner (ATV) (< 5 cm) was much smaller than the conventional logging tools as mentioned
above so that the ATV image log had a clear and sharp change for the formation boundary.

Figure1: The boundary effect on the log readings of the formation closed to the coal seam
Once considering all possible errors, one could further use various data manipulation techniques to
process the raw correlation data of UCS and geophysical logging readings. Figure 2 compared the raw
data and the clean data across multiple correlation views.
There were 2,355 data points in the clean dataset. The contour of the data density was computed as
shown in Figure 3, where the data were unevenly distributed in the STT-UCS cross-plot and heavily
concentrated around which STT ≈ 300 μs/m and UCS ≈ 20 MPa.
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Figure 2: The comparison of the raw and the cleaned data

Figure 3: The contour of the clean data distribution
The data were further subdivided into different lithology and mine sites categories, as demonstrated in
Figures 4 and 5, respectively. However, the grouped data clusters heavily overlapped each other,
indicating that neither the lithology facies nor the mine sites were good criteria to differentiate the rock
types from the geotechnical or geomechanics perspective.
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Figure 4: UCS-STT data by lithology: siltstone (ST); sandstone (SS); tuff (TF); claystone (YS);
mudstone (MS); carbonaceous siltstone (XT); and coal (CO)

Figure 5: UCS-STT data by different mine sites
GROUP-BASED MACHINE LEARNING: MODELLING AND IMPLEMENTATION
1. Unsupervised Learning for Data Grouping
To overcome the difficulty of imbalanced data distribution, a Group-based Machine Learning (GML)
method was proposed. The group was referred to as a cluster of data points aggregated together
because of certain similarities. The K-means method was used to automatically divide the dataset into
different groups, where the data points within the same group surrounded a centroid (Hamerly and
Elkan, 2003). The number of the centroids of groups was pre-define as the k value for the target dataset.
An example of K-means clustering was demonstrated in Figure 6, where k = 3.
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Figure 6: The centroids (k = 3) were automatically computed by unsupervised learning. The
data point was classified into the group with the nearest distance to the centroid

In the modelling stage, 4D data (STT, GR, density, and UCS) and 3D data (STT, GR, and density) were
used to perform the automatically clustering. Three cases (k = 3, 5, and 7) were tested, as shown in
Figure 7. Note that the neighbouring groups might overlap on one dimension, but they were separated
in the 3D distribution.

Figure 7: The distribution of grouped data when the group quantity k = 3, 5, and 7
It was found that the coordinates of the centroids had little difference for 4D and 3D data. Thus, 3D data
were selected to compute the centroid coordinates and aggregate the dataset into different groups.
Figure 8 displays the matrix of the data distribution for k = 3, 5, and 7.
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Figure 8: The matrix of the data distribution when the group quantity k = 3, 5, and 7
2. Group-based Machine Learning Workflow
The machine learning models should be trained for each group that has been identified by unsupervised
learning. These groups represented the rock types that had distinguished STT-GR-density properties
which might reflect their geotechnical properties.
However, data quantity distribution in different groups might largely vary from one group to another
because of the irregulated distribution of the correlations of datasets (Figure 9).

Figure 9: The data quantity distribution in groups when the group quantity k = 3, 5 and 7
The grouped data were further subdivided into the train/test dataset (Figure 10). Each group might have
a different ratio for the data splitting. The appropriate combination of each group’s train/test data splitting
ratio might need several training-verification cycles to optimize the parameters. A rule of thumb was that
the data distribution shown in Figure 9 might be used as a reference to select the data split ratios.
For each group of training, several machine learning algorithms were used (step 3 in Figure 11).
Random forest (RFR) and XGB had better performance than the support vector machine (SV), ANN,
genetic algorithm (GA), polynomial regression (PR) and linear regression (LR).
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Figure 10: (a) The train data vs all data; (b) train data were subdivided into 5 groups (k = 5)
A schematic of the GML workflow has been given in Figure 11. For example, 3 RFR sub-models were
trained in the GML method for the case k = 3 since there were three groups. To implement the UCS
prediction of the GML (k = 3), one needed to classify the group ID (1, 2, or 3) of each input data record
(STT-GR-density on the same depth) firstly (step 5 in Figure 11). The group classification required
comparing the target data point to each group centroid and selecting the nearest one as its group ID
(Figure 6). Then the UCS values were predicted for each group by using the corresponding trained
model. Finally, the predicted result from each group was integrated into the overall UCS prediction.

Figure 11: Workflow of the GML modelling (steps 1, 2, and 3) and implementation (steps 4, 5,
and 6)
3. Implementation and Recommendation
The results of the GML methods (GML k = 3, 5, 7) for UCS prediction were shown in Figure 12 by
following the workflow as in Figure 11. It was shown that the RFR algorithm had a stable performance
for all three cases due to the random nature of the RFR algorithm.
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Figure 12: The prediction results of the GML (GML k = 3, 5, 7)
On the other hand, it was also noticed that some datasets on the edge of the entire data cluster were
hardly predicted accurately, even if the GML method was used. The more groups were used, the more
complicated the GML model would be; however, more groups did not guarantee a better result than the
GML with fewer groups. Notably, the RFR algorithm had the best performance when k = 5 amount all
three GML methods. Table 1 has ranked machine learning methods used in the GML (k = 5) method by
comparing various error metrics.
Table 1: The error metrics of the machine learning methods and the curve fitting method in the
GML method (GML k = 5)
R2
RMSE
MAE
RFR

0.89

3.62

2.6

XGB
ANN
SV

0.82
-0.04
-0.16

4.42
8.95
9.01

3.02
6.49
6.37

Fitting
-0.41
9.3
6.69
The UCS predictions by conventional non-grouping machine learning methods (which could be deemed
as GML k = 1) and the curve fitting method were reported in Figure 13 for reference. It was shown that
most predicted results except the RFR tended to concentrate on the centre of the data cluster.

Figure 13: The prediction results of the conventional non-grouping machine learning methods
The performance of XGB had a significant improvement when using the GML method, especially with
higher group numbers. For example, the R2 error of XGB increased from 0.70 for GML (k = 3) to 0.82
for GML (k = 5) and 0.86 for GML (k = 7). More other error metrics were provided in Table 2.
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Table 2: Comparison of the errors of XGB algorithm for conventional non-grouping method and
the GML methods (GML k=3, 5, 7)
R2
RMSE
MAE
Recommendation
Non-Grouping
0.47
6.87
4.97
GP (k=3)

0.7

5.5

3.88

GP (k=5)
0.82
4.42
3.02
√
GP (k=7)
0.86
3.98
2.71
√
Therefore, the recommendation was to use the GML method (GML k = 5, 7) with RFR or XGB algorithms
for the UCS prediction.
DISCUSSION: INTERPRETABILITY OF THE MACHINE LEARNING PREDICTIONS
Although the machine learning method was seen as a black-box model, the users were keen to find a
solution to qualitatively interpret the prediction result. It was an important step to understand the
underlying mechanics of the correlation and the potential pitfalls during the prediction. LIME (Local
Interpretable Model-agnostic Explanations) has been developed by Ribeiro et al. (2016) to assist the
developer and model user in understanding the model by perturbing the input data samples and
understanding how the predictions changed accordingly.

Figure 14: Interpret the black-box model by using LIME
LIME assumed a black-box machine learning model and investigated the relationship between input and
output, represented by the model (Figure 14). It attempted to explain predictions for each data sample
and evaluate the importance of each input parameter.

Figure 15: The importance score of each input parameter for the UCS prediction result
In one example of UCS prediction using machine learning (Figure 15), the importance score of each
input parameter (STT, GR, and density) was computed for the particular predicted UCS value of 29.17
MPa, where the overall predicted UCS ranged from 4.35 to 77.98 MPa. The sign of the importance score
was referred to the direction of the correlation. For example, the importance score of STT meant that
the higher STT was, the lower UCS would be. For a similar principle, the higher the density, the higher
the UCS since the importance score for density was positive. The absolute values of the importance
score indicated the impact of that input on the prediction result. LIME has been demonstrated to be a
great tool to explain what machine learning algorithms (or models) were doing, which helped us to gain
insight into machine learning modelling.

University of Wollongong, University of Southern Queensland, February 2022

21

2022 Resource Operators Conference (ROC 2022)

CONCLUSION
Machine learning has been widely used in UCS prediction. The optimization of the machine learning
performance relied on the quantity of the training data and data quality. In this paper, a novel Groupbased Machine Learning (GML) has been developed for the UCS prediction. Main findings from this
study included:


The data analysis and cleaning process for the geophysical logging data and UCS laboratory
data were discussed in this paper. Some common types of error data were suggested.



The GML was proposed. The data points were classified into groups by using the unsupervised
learning (K-means) method. Then the machine learning regression models were built for each
group. A workflow of the GML modelling and implementation was developed.



The GML showed better performance than the conventional non-grouping machine learning
models. The GML with intermediate group number (i.e. k = 5 in this paper) might perform better
than the low or high k values (i.e. k = 3 or 7).

The GML method might vary depending on the ratio of the train/test data splitting. An optimization
process was required to achieve the best model. In sum, the GML method provided a new idea for the
machine learning modelling on the data with the imbalanced distribution. The technique developed in
this paper might also be used in other kinds of machine learning prediction tasks.
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SHEAR BEHAVIOR OF CLAYEY INFILLED ROCK
JOINTS HAVING TRIANGULAR AND SINUSOIDAL
ASPERITIES
Ali Mirzaghorbanali1, Basanta Ghimire1, Ashkan Rastegarmanesh1,
Hadi Nourizadeh1, Kelvin Mcdougall1 and Naj Aziz2
ABSTRACT: Rock joints govern an important role in the overall stability of rock slope which may

be filled with infill material due to transported materials with water, weathering as well as joint
shearing. There are two methods of testing rock joint shear behavior, one is Constant Normal
Load (CNL), and another is Constant Normal Stiffness (CNS). The CNL is found suitable in
slope stability where sliding mass can move freely without any restriction while CNS is suitable
in underground excavation, pile socketed in rock and reinforced rock slope where the stiffness
of boundary restricts dilation during the shearing process. This study investigates the shear
behavior of clay infilled rock joints with triangular and sinusoidal asperities under CNL
conditions. The pair of triangular and sinusoidal asperities is Type 1T, Type 2T and Type 1S,
Type 2S respectively where prefix represent asperity height and suffix represent the type of
asperity. Joint Roughness Coefficient (𝐽𝑅𝐶) obtained from back-calculation of Barton equation
using experimental data is 7, 9, 9 and 12 for Type 1T, Type 2T, Type 1S and Type 2S
respectively. The direct shear test was performed on two campaigns, among these, was one
of understanding shear behavior of infilled rock joints under various normal loads and another
was the shear behavior of infill rock joints under various infill thicknesses. During the first
campaign shear behavior of clayey infilled rock joint fewer than three different normal loads
were tested. Likewise, in the second campaign shear behavior of clayey infill rock joint under
three infill thickness were performed. Overall this study provides better insights into shear
behavior clayey infilled rock joints having different joint morphology.
INTRODUCTION
Rock joints are mechanical breaks in the body of a rock mass due to a lack of significant tensile strength
where measurable and noticeable movement parallel to the plane of fracture is absent. Due to various
geological activities i.e., seismic activity, stress variation creates discontinuities such as rock joint in the
rock mass. Characterization of rock joints with respect to aperture, persistence, length, and spatial
connectivity has great importance for the overall strength of the rock mass (Shang et al. 2018). At the
same time surface roughness and infilled variation have an immense impact on rock mass shear
strength which is examined in this paper. There are two basic conditions for the determination of shear
behavior of rock joints, one is Constant Normal Load (CNL), and another is Constant Normal Stiffness
(CNS). Under CNL conditions the normal load remains constant during the shearing, while under CNS
conditions the shearing occurs at constant stiffness load. The application of CNL is in rock slope stability
and CNS is in underground excavation, pile socketed in rock and reinforced rock slopes. Figure 1 shows
the idealized triangular joint under CNL condition where shear force is applied under the constant normal
load. Figure 2 displays the applicability of CNL in slope stability where the upper sliding block of the
rock mass can freely move without any restriction.
The main aim of this study is to understand the shear behavior of clayey infilled rock joints having
triangular and sinusoidal asperities. The direct shear test was performed under CNL conditions to
achieve a shear behavior of clayey infilled rock joints which is the primary objective of this research.
Other key objectives of this study are following:


1

2

Performing a direct shear test under various normal loads on clayey infilled triangular artificial
rock joints samples having two different asperity heights at CNL conditions.
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Performing a direct shear test under various normal loads on clayey infilled sinusoidal artificial
rock joints samples having two asperity heights at CNL conditions.
Performing a direct shear test on various infill clay thicknesses on artificial triangular rock joint
under CNL condition. Performing a direct shear test on various infill clay thicknesses of on
artificial sinusoidal rock joint under CNL condition.

Figure 1: Idealized triangular rock joint under CNL condition

Figure 2: Example of rock slope stability (after Prashant 2015)
THEORETICAL BACKGROUND
Rock masses present in nature often consist of joints and discontinuities which produce the weakest
plane at the joint for sliding. The joint morphology can be a planner (smooth) or non-planner (rough)
depending upon mineralogy and origin (Mirzaghorbanali 2013). The magnitude of movement is
governed by the shear behavior of joints, which is the function of joint morphology. Overall, this section
deals with the review on Joint Roughness Coefficient (𝑱𝑹𝑪) on previous shear strength models and the
influence of infill material on the shear behavior of infilled rock joints.
Joint Roughness Coefficient
Firstly, Barton (1973) proposed a Joint Roughness Coefficient (𝐽𝑅𝐶) which can be determined through
the tilt test where the joint is tilted until the upper block moves under its self-weight. Based on the
recorded title angle 𝛼 0 , 𝐽𝑅𝐶 is calculated as:
𝐽𝑅𝐶 =

𝛼 0 − ∅𝑟
𝑙𝑜𝑔(

𝐽𝐶𝑆
)
𝜎𝑛𝑜

(1)

where, 𝜎𝑛𝑜 is effective normal stress due to gravitational force of the upper block which is given by
𝜎𝑛𝑜 = 𝛾ℎ cos 𝛼 0

(2)

where, ℎ is the thickness of the upper block.
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Alternatively, 𝐽𝑅𝐶 can be estimated by comparing the discontinuity with standard profiles, which range
from 0 to 20 as shown in Figure 3 (Barton and Choubey 1977).

Figure 3: Roughness profiles with corresponding JCR values (after Barton and Choubey 1977)
Review of clean rock joint models
Firstly, Coulomb (1776) described the rock shear strength model by the linear relationship between
shear stress and effective normal stress as friction law. But later it was found that the sliding equation
is not valid for the non-planner joint. In the case of smooth joints, the friction law is given as:
𝜏𝑝 = (3)𝜎𝑛 𝑡𝑎𝑛 ∅𝑝 +
𝑐𝑜
where, 𝜏𝑝 is peak joint shear strength, 𝜎𝑛 is the normal stress, ∅𝑝 is the peak friction angle and 𝑐𝑜 is
the cohesion. But in the case of the rough joint, Newland and Allely (1957) developed the shear strength
model as:
𝜏 = 𝜎𝑛 𝑡𝑎𝑛(∅𝑏 + 𝑖𝑜 )

(4)

where, 𝜏 is joint shear strength, ∅𝑏 basic is the friction angle and 𝑖𝑜 is the mean slope of the asperities
as shown in Figure 4.

Figure 4: Illustration of friction angle in triangular joint
There was a study by Patton (1966) where the shear behaviour of joints is investigated through regular
tooth shape asperities under CNL conditions and he proposed a bilinear shear strength model.
According to his failure envelope, two linear sections intersecting at transition stress 𝜎𝑇 are as shown
in Figure 5. The normal stress below 𝜎𝑇 , shear strength is governed by sliding along the asperities and
above the 𝜎𝑇 shear strength by shearing of asperities with 𝑐𝑗 .
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For sliding along joint asperities:
𝜏 = 𝜎𝑛 𝑡𝑎𝑛(∅𝜇 + 𝑖)
(5)

𝑤ℎ𝑒𝑛

𝜎𝑛 < 𝜎𝑇

For asperity breakage:
𝜏 = 𝜎𝑛 𝑡𝑎𝑛 ∅𝑟 + 𝑐𝑗

𝑤ℎ𝑒𝑛 𝜎𝑛 > 𝜎𝑇

(6)

where, ∅𝜇 is friction angle, ∅𝑟 is residual friction angle and 𝑐𝑗 is the cohesion of joint

Figure 5: Patton bilinear shear strength model (after Bahaaddini, 2014)
The bilinear relationship developed by Patton (1966) was replaced by Jager (1971) with the nonlinear
equation as:
𝜎𝑛

𝜏𝑝 = 𝜎𝑛 𝑡𝑎𝑛(∅𝑏 ) + (1 − 𝑒 𝜎𝑇 ) 𝑐𝑜

(7)

where, 𝜎𝑇 is transition stress described in Patton equation.
Barton (1973) developed the following empirical shear strength criterion based on the Joint Roughness
Coefficient(𝐽𝑅𝐶).
𝜏𝑝 = 𝜎𝑛 𝑡𝑎𝑛 [𝐽𝑅𝐶 𝑙𝑜𝑔 (

𝐽𝐶𝑆
𝜎𝑛

) + ∅𝑟 ]

(8)

where, ∅𝑟 is the residual friction angle and is estimated using the following relationship with Schmidt
hammer rebound on dry surfaces 𝑅 and wet surfaces 𝑟 (Barton and Choubey, 1977).
𝑟

∅𝑟 = (∅𝑏 – 200) + 20 ( )
𝑅

(9)

The value of 𝐽𝐶𝑆 is equal to the uniaxial compressive strength of rock mass, which is reduced by one
fourth on weathered joints (Barton, 1971). Miller (1965) suggested, the equation is based on the Schmidt
hammer rebound tests on a dry joint surface (𝑅) as follows:
log 𝐽𝐶𝑆 = 0.00088𝛾𝑅 +
1.01
where, 𝛾 is the dry density of rock in kN/m 3.

University of Wollongong, University of Southern Queensland, February 2022

27

2022 Resource Operators Conference (ROC 2022)

Figure 6: shows the comparison of the shear strength models developed by Patton (1966), Jaeger
(1971) and Barton (1973).

Figure 6: Comparison among shear strength parameters of rock joints (after irzaghorbanali
2013)
Review of infilled rock joint models
Landanyi and Archambault (1977) proposed two different mathematical models for no breakage of
asperity and the breakage of asperity.
For no breakage of irregularities
𝜏 =

𝐶𝑢

+ 𝜎𝑛 𝑡𝑎𝑛(∅ +

(1−𝑡𝑎𝑛𝑖𝑡𝑎𝑛∅)

𝑖)

𝑡𝑎𝑛 𝑖 = 𝑚 ∗ 𝑡𝑎𝑛(𝑖𝑜 )
2

𝑡

(11)
(12)

2

𝑚 = (1 − ( ))

(13)

3 𝑎

where, 𝐶𝑢 is undrained shear strength parameter of clay infill, ∅ is friction angle of the joint, 𝑚 is
reduction factor varies between 0 to 1, 𝑡 is infill thickness and 𝑎 is asperity height.
For breakage of irregularities
𝑆 = 𝑚(𝑅 − 𝐶) + 𝐶

(14)

𝐶 = 𝐶𝑢 + 𝜎𝑛 𝑡𝑎𝑛 ∅𝑢

(15)

1

𝑅 𝑡𝑎𝑛 𝑖 = [1 −

𝜎 4
( 𝑛 ) ] 𝑡𝑎𝑛 𝑖𝑜
𝐶0

(16)

where, 𝑆 is the shear strength of the infill rock joint, 𝑅 is the shear strength of a clean rock joint, 𝐶is
the undrained shear strength of infill, ∅𝑢 is the undrained friction angle of the clay infill.
Likewise, Lama (1978) developed a logarithmic relationship to calculate peak shear strength in kPa
which is given by
𝜏𝑝 = 7.45 + 0.46𝜎𝑛 − 0.3 𝑙𝑛(𝑡)𝜎𝑛0.745

(17)

where, 𝜏𝑝 is the peak shear strength in kPa,𝜎𝑛 is normal stress in kPa and 𝑡 is the thickness of the
infill in mm.
Influence of infill materials
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Mirzaghorbanali (2013) mention various factors influencing the shear behaviour of rock joints as being
joint roughness, scale effects, boundary conditions, shear rate, pore water pressure, infill type and
thickness. Among these factors infill type and thickness is one of the major aspects of rock joint shear
behaviour. There are some classifications of natural rock joint infilled materials. Brekke and Howard
(1972) categorized joints into seven types based on infill materials name as healed discontinuities, clean
discontinuities, calcite discontinuities, coating of chloride, talc and graphite, inactive clay material,
swelling clay, and cohesionless. Similarly, Ladanyi and Archambault (1977) categorized infill materials
and joint types into four groups which are non-filled, coated, clay-like infilling and sand-like infilling.
Different types of infill have different properties that affect the shear behavior of rock joints.
EXPERIMENTAL SETUP
Mould design
The design of mould the to make a joint profile on the sample was one of the primary tasks of this project.
First of all, the three-dimensional shape of the mould was designed through Fusion 360 software as
shown in Figure 7. Fusion 360 is one of the products of the Autodesk company used for 3D design and
modelling. Following design these shapes were produced through 3D printing as shown in Figure 8. For
this study, two shapes were used which are triangular and sinusoidal. In the case of triangular asperity,
two different asperity heights of 1 mm and 2 mm were prepared with a constant asperity length of 10
mm. Similarly, sinusoidal asperities have also two different heights of 1 mm and 2mm, but asperity
length is different according to its height. A pair of moulds was prepared for each asperity height which
were then used to cast upper and bottom halves of the joint.

Figure 7: [left] Pair (upper and lower) of the triangular and sinusoidal joint tooth, [right-top]
Triangular mould, [right-bottom] Sinusoidal mould

Figure 8: [top] 3D printing of mould, [bottom] Mould produced from 3D printing
Sample casting
In general, massive rock samples cannot be tested in the lab, so scale models are required which is the
reduced version of real scale object (prototype). The casting of the model sample was one of the major
activities in this project which was further tested in the UCS and direct shear machine. In this project,
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cylindrical samples with asperity were cast by placing a 3D printed mould at the bottom of PVC tubes
which are shown in Figure 9. The specimen was needs to be cast with a 63 mm internal diameter with
an overall height of 36 mm to fit on the Shear Trac machine. Each specimen consists of a pair (top and
bottom) of cement grout samples which were placed on each other during the shear test. Cement and
sand grout was prepared in the ratio of 1:3, with 10 % water for the casting of the sample. After 28 days
of curing, samples got Uniaxial Compressive Strength (UCS) of 33 MPa.

Figure 9: [top] PVC tube attached with mould [bottom] Casting of sample
Infill material selection
In this project, organic Bentonite clay was used as infill materials as shown in Figure 10. This organic
Bentonite clay is a Sodium Bentonite formed from volcanic ash and sourced from the natural deposits
on ocean beds (Organic Bentonite Clay – Blants n.d.). Bentonite contains montmorillonite (a hydrous
silicate of alumina) mineral which is widely used as drilling mud in oil and gas wells and boreholes
(Sutherland 2014). Among the different rock joint infill Bentonite clay represents the swelling clay that
can absorb water amounts larger than its dry mass. Some of the basic properties of Sodium Bentonite
clay that were observed in this project are presented in Table 1.
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Figure 10: Commercially available Sodium Bentonite clay
Table 1: Infill Sodium Bentonite clay properties
Properties
Value
Remarks
Particle size (𝑑)
45 micron
Based on AS 1289.3.6.1:2009
Particle density ( ρ𝑠 )
2250 kg/m3
Based on AS 1289.3.5.1:2006
Moisture content (𝑤)
17.3 %
Based on AS1289.2.1.1:2005
Liquid limit (𝐿𝐿)
145
Based on AS1289.3.9.1:2015
Plastic limit (𝑃𝐿)
80
Based on AS 1289.3.2.1:2009
Shrinkage limit (𝑆𝐿)
35
Based on Plasticity Chart
Compression index (𝐶𝐶 )
0.4 (at 𝑤 = 149.5 %)
Based on AS1289.6.6.1:2020
Swell index (𝐶𝑠 )
0.07 (at 𝑤 = 149.5 %)
Based on AS1289.6.6.1:2020
′
Friction angle (∅ )
40 degree
Based on AS 1289.6.2.2:2020
Cohesion (𝑐 ′ )
0 kN/m2
Based on AS 1289.6.2.2:2020

Sample testing
The direct shear test was performed on samples as shown in Figure 11, with various normal load and
infill thicknesses. The direct shear test was done through the automatic Shear Trac-II shown in Figure
12. The Shear Trac-II has different components which are a computer, display unit, loading frame and
test furniture. The operation of this machine was conducted through responses receives from vertical
and horizontal transducers. Shear Trac-II is able to perform the shear test under both CNL and CNS
conditions. In the case of CNL normal the load applied to the sample the remains constant, but in the
case of CNS condition the spring with certain normal stiffness is kept constant during testing.

Figure 11: Samples used in the direct shear test
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Figure 12: Shear Trac-II testing machine
Figure 13 shows the infill thickness measurement, testing of infilled samples and dissipation of infill after
completion of the test. To determine the accurate shear behaviour of infilled rock joints, it was required
to avoid slide friction and the loss of infill material. During testing, there was a need for lateral
confinement to sustain high normal stress, which may cause spreading out of the infill materials from
the sample joints. Hence, the lateral confinement was applied during the consolidation process and
removed just before shearing.

Figure 13: [left] Infilled thickness measurement, [right-top] Testing of infill samples, [right bottom] dissipation of infill after completion of the test.
The experimentation had been conducted in two part Campaigns. In the first phase, clayey infilled rock
joint samples were tested under various normal loads and in the next campaign, clayey infilled rock
joints were examined under various infill thicknesses. All the required parameters were provided to the
computer prior to the test. Before the commencement of the test, calibration of the horizontal and vertical
position of the specimen, with respective to shear and normal loading arm was conducted. During the
testing, the respective shear and normal displacement were measured with the help of transducers and

University of Wollongong, University of Southern Queensland, February 2022

32

2022 Resource Operators Conference (ROC 2022)

recorded on the computer. Figures 14 and 15 show configurations for testing of infill samples with
triangular and sinusoidal asperities.

Figure 14: Configuration of infill samples with having Triangular asperity.

Figure 15: Configuration of infill samples with having Triangular asperity.
Campaign 1
In this campaign the shear behaviour of the infilled rock joint was tested using various normal loads.
The ratio of infill thickness to asperity height (𝑡/𝑎) was maintained at one for all normal loads. The infill
Sodium Bentonite clay had a moisture content of 17.3% during testing. The infill rock joint samples were
tested under three constant normal loads 750 N, 1250 N and 1750 N which is equivalent to the normal
stress of 240 kPa, 400 kPa and 550 kPa. The shear rate during this campaign is maintained at the
constant rate of 0.5 mm/minute.
Campaign 2
In this campaign the shear behaviour of infilled rock joints was tested uusing various infill thicknesses.
The thickness of the infill clay layer was maintained at 0.5*𝑎, 𝑎 and 1.5𝑎, and the exact calculation is
shown in Table 2. The infill clay had a moisture content of 17.3%, similar to campaign 1. The infill rock
joint samples were tested under the normal load of 750 N corresponding to the initial normal stress of
240 kPa with a constant shear rate of 0.5 mm/minute.
Table 2: Infill thickness measurement table

S.N.

Sample
Name

Asperity
Type

Inclination
Angle (𝒊)

Asperity Base
Length (𝑻)

Ratio
(𝒕/𝒂)

Asperity
Infill
Height Thickness
(𝒂) mm
(𝒕) mm
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1
2
3
4
5
6
7
8
9
10
11
12

1T
2T
1T
2T
1T
2T
1S
2S
1S
2S
1S
2S

Triangular
Triangular
Triangular
Triangular
Triangular
Triangular
Sinusoidal
Sinusoidal
Sinusoidal
Sinusoidal
Sinusoidal
Sinusoidal

11.31
21.8
11.31
21.8
11.31
21.8
45
45
45
45
45
45

10
10
10
10
10
10
3.14
6.28
3.14
6.28
3.14
6.28

0.5
1
1.5
0.5
1
1.5

1
2
1
2
1
2
1
2
1
2
1
2

0.5
1
1
2
1.5
3
0.5
1
1
2
1.5
3

RESULTS AND DISCUSSION
Normal Load Variation
Results on triangular asperities
Figure 16 shows the shear behaviour of infill triangular joint samples under the three constant normal
loads of 750 N, 1250 N and 1750 N. As shown in this graph, the peak shear stress developed for Type
1T is 251.68 kPa, 422.61 and 599.32 kPa at a corresponding normal stress of 244.15 kPa, 410.53 kPa
and 560.13 kPa respectively. Similarly, the residual shear stress developed for Type 1T at approximately
15 mm shear displacement is 142.95 kPa, 274.3 kPa and 434.37 kPa at a corresponding normal stress
282 kPa, 471 kPa and 636.28 kPa respectively. On the other hand, Type 2T have peak shear stress
374.23 kPa, 643.31 kPa and 684.17 kPa at a corresponding normal stress 245.57 kPa, 410.1 kPa and
600.5 kPa respectively. Likewise, the residual shear stress at approximately 15 mm displacement is
206.68 kPa, 356.36 kPa and 434.1 kPa for Type 2T at a corresponding normal stress 279.9 kPa, 470.26
kPa and 647.76 kPa respectively. Most of the time, the peak shear stress is developed at the initial
stage. For both Type 1T and Type 2, the normal stress is increased from 240 kPa to 290 kPa in the first
400 kPa to 490 kPa in the second case and 550 kPa to 650 kPa in the third case at an approximate 15
mm shear displacement. Overall, it is seen that stress is increased in a similar pattern when the normal
stress is increased.
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Figure 16: Shear behaviour variation with infill (𝒕/𝒂 = 𝟏) on triangular asperities: [left] Type 1T;
[right] Type 2T
Figure 16 also shows the dilation behaviour of Type 1T and Type 2T with three initial normal stresses
240 kPa, 400 kPa and 550 kPa. There is no asperity locking because the rough surface is levelled by
infill (𝑡/𝑎 = 1). At the initial stage, there is some consolidation of the infill, which allows contraction, but
later when shearing proceeds the dilation begins to start. For 1T maximum, normal displacements are
0.1378 mm, 0.1906 mm and 0.1617 mm at corresponding normal stress of 253.29 kPa, 422.88 kPa and
572.97 kPa respectively. Similarly, for Type 2T dilation moves up to 0.2384 mm, 0.2929 mm and 0.1667
mm at corresponding stresses 251.91 kPa, 467.86 kPa and 574.43 kPa respectively. In the initial stage,
dilation increases to maximum at around 5 mm of shear displacement, due to the accumulation of infill
material and begins to reduce, due to dissipation of infill materials. Then again dilation begins to increase
in most of the scenarios. Overall, peak dilation is noticed at around 5 mm shear displacement for both
Type 1T and 2T.
Results on sinusoidal asperities
Figure 17 shows the shear behaviour of infill sinusoidal joint samples under three constant normal loads
of 750 N, 1250 N and 1750 N. As shown in this graph, the peak shear stress developed for Type 1S is
281.94 kPa, 590.06 and 675.46 kPa at corresponding normal stress of 241.27 kPa, 403.18 kPa and
570.31 kPa respectively. Similarly, residual shear stress developed for Type 1S at approximately 15 mm
shear displacement is 186.6375 kPa, 296.83 kPa and 500.56 kPa at corresponding normal stress of
275.91 kPa, 470.34 kPa and 647.14 kPa respectively. On the other hand, Type 2S has peak shear
stress of 324.95 kPa, 523.68 kPa and 698.72 kPa at corresponding normal stress of 242.56 kPa, 403.12
kPa and 581.38 kPa respectively. Likewise, the residual shear stress at approximately 15 mm
displacement is 209.45 kPa, 373.171 kPa and 553.21 for Type 2S at corresponding normal stress of
282.44 kPa, 470.5 kPa and 647.4 kPa respectively. Peak shear stress is seen maximum at the initial
stage. For both Type 1S and Type 2S normal stress is increased from 240 kPa to 290 kPa in the first
400 kPa case to 490 kPa in the second case and 550 kPa to 650 kPa at approximate 15 mm shear
displacement. Overall, it is seen that the shear stress increases in a similar watwhen normal stress is
increased.
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Figure 17: Shear behaviour variation with infill (𝒕/𝒂 = 𝟏) on sinusoidal asperities: [left] Type 1S;
[right] Type 2S
Figure 17 also shows the dilation behaviour of Type 1S and Type 2S with three normal stresses of 240
kPa, 400 kPa and 550 kPa. At the initial stage, there is no asperity locking because the rough surface
is levelled by infill (𝑡/𝑎 = 1). Later, when shearing proceeds, the dilation begins to start due to the
accumulation of infill. For 1S the maximum normal displacement rises up to 0.1197 mm, 0.1831 mm and
0.1072 mm at corresponding stress of 260.1 kPa, 421.76 kPa and 597.81 kPa respectively. Similarly,
for Type 2S maximum dilation is moving up to 0.2128 mm, 0.1708 mm and 0.0726 mm at corresponding
normal stresses 264.11 kPa, 413.34 kPa and 598.47 kPa respectively. Most of the case dilation is
noticed at a maximum during the initial stage due to the accumulation of infill and then reduced due to
the spread out of infill material. Overall peak dilation is noticed higher at around 5 mm shear
displacement for both Type 1T and Type 2T.
INFILL THICKNESS VARIATION
Results on Triangular Asperities
Figure 18 shows the shear behaviour of various infill triangular joint samples under a constant normal
load of 750 N and a shear rate of 0.5 mm/min. As shown in this graph, shear stress is varies with shear
displacement in an almost similar pattern. For 1T, developed peak shear stresses are 200 kPa, 250 kPa
and 320 kPa at 0.5a, 1a, 1.5a infill thickness respectively. Likewise, peak shear stresses are 350 kPa,
340 kPa and 300 kPa for 0.5a, 1a, 1.5a infill respectively for Type 2T. This graph shows the opposite
behaviour in Type 1T and Type 2T. In general, peak shear stress decreases with an increase in infill
thickness, but in the case of Type 1T, due to the low asperity height along with experimental error leads
to different result. But in the residual stage, all of the infill thickness has almost the same shear stress,
in the case of normal stress which is increased from 240 kPa to 280 kPa for all tests. Figure 18 also
shows the variation of dilation with respect to shear displacement for three infill thicknesses of 0.5𝑎, 1𝑎,
1.5𝑎. For both Type 1T and 2Tthere is high dilation at 0.5,𝑎 due to infill thickness less than asperity
height.
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Figure 18: Shear behaviour variation with various infill thicknesses on triangular asperities:
[left] Type 1T, [right] Type 2T
Results on sinusoidal asperities
Figure 19 shows the shear behaviour of various infill sinusoidal joint samples under a constant normal
load of 750 N. As shown in this graph, the peak shear stress varies with shear displacement in a different
pattern. The peak shear stresses are 380 kPa, 280 kPa and 180 kPa for 0.5𝑎, 1𝑎, 1.5𝑎 infill thickness
respectively for Type 1S. Likewise, peak shear stresses are 350 kPa, 340 kPa and 300 kPa for 0.5𝑎,
1𝑎, 1.5𝑎 infill respectively for Type 2S, in the case of normal stress which is increased from 240 kPa to
280 kPa for all tests. Fig. 19 also shows the variation of dilation behaviour with respect to infill thickness.
Both Type 1S and Type 2S shows high dilation at 0.5𝑎, which is due to the infill thickness being less
than asperity height.
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Figure 19: Shear behaviour variation with various infill thickness on sinusoidal asperities: [left]
Type 1S, [right] Type 2S
DISCUSSION
Generally, a high Joint Roughness Coefficient (𝐽𝐶𝑅) can develop a high strength envelope. Figure20
shows the strength envelope for both triangular and sinusoidal asperities. There is the obvious result of
a higher strength envelope for higher asperity. In the case of friction angle, the strength envelope for
both triangular and sinusoidal shows approximately the same angle because asperity is filled with infill
(𝑡/𝑎 = 1) which means there is no asperity roughness on contact. Meanwhile, Figure 21 shows that
dilation is higher at an initial normal stress of 400 kPa in triangular asperities but in the case of sinusoidal
asperities, dilation is higher at a normal stress of 550 kPa. The different pattern found for these two
asperities is due to the amount of asperity breakage and filling as infill material. Overall, peak shear
stress is increased due to an increase in normal stress and dilation is recognized as the function of
asperity breakage.
Generally, high infill thickness develops low shear strength. Figure 22 shows developed peak shear
stress and dilation with respect to horizontal displacement. Peak shear stress is developed at the 1.5a
infill condition for Type 1T and 1a infill condition for 2T. On the other hand, the peak shear stress is
developed for 0.5𝑎 infill conditions for Type 1S and 2S. In the case of dilation, 0.5𝑎 infill condition gives
higher dilation as shown in Figure 23 because infill thickness is less than asperity height. The shear
behaviour of the infilled rock joints is the combined shear behaviour of the rock joint as well as the infill
material. The ratio 𝑡/𝑎 has an important role in the shear behaviour of infill rock joint shear behaviour
where 𝑡/𝑎 equal to unity, is the critical infill thickness. Basically, the shear strength of the infill rock joint
is governed by both the shear strength of the rock joint and infill material when 𝑡/𝑎 is less than one but
exceeding the unity value of 𝑡/𝑎, shear strength of infill rock joint is only governed by infill material
(Lama 1978). On the other hand, dilation of infill rock joint is governed by consolidation as well as
dissipation of infill during shearing. There is less possibility of asperity damage for higher 𝑡/𝑎 but below
unity of 𝑡/𝑎 higher possibility of asperity breakage. So, below unity of 𝑡/𝑎, the asperity breakage
product also works as extra infill material which ultimately affects dilation behaviour.
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Figure 20: Strength envelope for different asperity height: [left] Triangular asperity [right]
Sinusoidal asperity

Figure 21: Peak dilation variation with asperity morphology: [left] Triangular asperity [right]
Sinusoidal asperity

Figure 22: Variation in peak shear stress with respect to infill thickness: [left] Triangular
asperity [right] Sinusoidal asperity
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Figure 23: Variation in peak dilation with respect to infill thickness: [left] Triangular asperity
[right] Sinusoidal asperity
CONCLUSIONS
This paper aims to investigate the shear behaviour of infilled artificial rock joints under various normal
loads and infill thicknesses. The shear behaviour of the infill rock joint is not only dependent on the shear
behaviour of the joint alone, but it also depends on the shear behaviour of the infill material. The higher
normal load has a higher consolidation effect which alters the pore water pressure as well as dissipation
of infill materials. Alteration of infill conditions due to the variation in normal load leads to changes in the
shear behaviour of infill rock joints. From this study, it is found that the shear strength of the rock joint is
reduced due to the effect of infill thickness. On the other hand, dilation and contraction of infill material
governs normal displacement during the shearing of the infill rock joint.
This study reveals that infill thickness to asperity height ratio (𝑡/𝑎) equal to one is a critical condition
and, above this value joint asperity height does not affect shear stress and dilation. Contrary to this less
than unity of 𝑡/𝑎 has a combined effect of joint roughness and infill thickness in the overall shear
behaviour of infilled rock joint shear strength. From this study, the effect of joint morphology has less
effect on infill rock joint shear behaviour than that of clean rock joint shear behaviour. Only values less
than the critical unity value of 𝑡/𝑎 has both infills as well as asperity strength to be influenced by in
shear behaviour of whole infill rock. Further, it can be concluded that morphology and surface roughness
take an important role in the sliding and shearing of infill particles.
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FLOW CHARACTERISTICS OF HYDRAULICALLY
FRACTURED GRANITE ROCKS UNDER HIGH
TEMPERATURE
Kumari W.G.P.1 and Ranjith P.G.2
ABSTRACT: Hydraulic fracturing technique, which is widely used to enhance the permeability of tight
geological formations, has been employed to stimulate unconventional geothermal systems. However,
these reservoirs are accompanied by high in-situ stresses and large geothermal gradients. Therefore, it
is important to understand the hydraulic fracturing process and the respective permeability enhancement
under extreme temperature and pressure conditions. Therefore, the aim of the present study is to
understand the effect of flow performance of hydraulically fractured granite under high temperature and
pressure conditions. A series of flow-through experiments were conducted on granite specimens which
were hydraulically fractured under 60 MPa confining pressure and two temperature conditions: room
temperature and 300 °C. Corresponding influence on rock microstructure was studied using highresolution CT imaging with the IMBL facility of Australian Synchrotron. Based on the experimental
results, it was found that one single fracture is induced at room temperature. However, a perforated
zone with multiple inter-crystalline cracks is induced in the wellbore zone under the high-temperature
fracturing process. Therefore, the measured permeability was almost one order higher in the sample
hydraulically fractured under high temperature up to 20 MPa confining pressure. Further, it was identified
that the fracture permeability and the fluid discharge were strongly stressed dependent.
INTRODUCTION
For a successful reservoir stimulation, it is essential to understand reservoir geomechanics, including in
situ stress and temperature condition, reservoir rock properties, presence of natural fractures), and
injection fluid properties (flow rate, viscosity, and compressibility) (El Rabaa, 1989; Kumari et al., 2018;
Middleton et al., 2015; Qian et al., 2020; Warpinski and Teufel, 1987). Injection of cold water into highly
heated rock can result in thermal damage on the rock structure due to induced thermal cracks, which
can cause enhancement of flow performance due to new fluid paths or widening of existing fluid paths
(Guo et al., 2018; Kumari et al., 2017). Considering hydraulic fracturing under high temperatures, these
thermally enhanced flow paths can enhance near-wellbore permeability resulting in higher fluid leak-off
to the matrix (Kumari et al., 2018; Stephens and Voight, 1982). Therefore, the stimulation mechanism
and the stimulated volume can be different compared to the room temperature condition, and it is
essential to understand the underlying mechanisms of the high-temperature hydraulic fracturing process
followed by flow enhancement. In this regard, considering the complexity associated with field-scale
hydraulic fracturing exercises, laboratory scale hydraulic fracturing experiments, and laboratory-scale
permeability experiments can provide valuable information of hydraulic fracturing process followed by
flow performance of hydraulically fractured rock under controlled temperature and stress conditions.
A large number of laboratory-scale hydraulic fracturing tests has been performed to understand the
effect of in-situ stress, interactions of natural and hydraulic fractures, injection rate, and properties of the
injection fluid (Blanton, 1982; Li et al., 2019; Sarmadivaleh, 2012; Wanniarachchi et al., 2017; Warpinski
and Teufel, 1987; Zoback et al., 1977). These studies have revealed that hydraulic fracture propagation
is strongly stress-dependent such that hydraulic fractures propagate along the major principal stress
and the difference of horizontal stresses and the presence of natural fractures determine the geometry
and quantity (i.e. either single or multiple) of fractures (Blanton, 1982; Sarmadivaleh, 2012; Zoback et
al., 1977). In addition, it has been identified that injection rate, wellbore perforation, the presence of
notches and properties of injection fluid influence the breakdown pressure (the pressure at which the
rock is fractured) (Fallahzadeh et al., 2015; Wanniarachchi et al., 2017; Zoback et al., 1977). However,
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only a few studies have paid attention to flow enhancement due to laboratory hydraulic fractured
samples under different stress conditions. Wanniarachchi et al. (2017) has employed hydraulically
fractured siltstone samples under room temperature and found that increase of effective pressure from
4 to 24 MPa at 1 MPa injection pressure results reduction of fracture permeability of 56% and 81% for
partially fractured and fully fractured samples, respectively. However, almost all the studies have been
performed under room temperature conditions under small in-situ stress conditions, and therefore the
effect of temperature on the hydraulic fracturing process is little known.
In this regard, recent experimental work of Kumari et al. (2018), who conducted hydraulic fracturing
experiments under a wide range of confining pressures from 0 to 60MPa and temperatures from room
temperature to 300°C simulating different geothermal environments, provides an essential
understanding of hydraulic fracturing under extreme stress and temperature conditions applicable to the
geothermal environment. Continuing that study, the present research aims to understand the flow
performance of hydraulically fractured granite rock, which was fractured under high temperature and
pressure conditions. Coupled flow mechanical experiments were conducted to study the flow
performance of granite specimen, which was hydraulically fractured under 60 MPa confining pressure
and two temperature conditions (room temperature and 300 °C). In addition, the effect of rock
microstructure on high-temperature fluid injection has been identified through high-resolution CT
scanning testing. Therefore, the present study could understand the flow behaviour of hydraulically
fractured rock in both micro and mesoscale, which can provide valuable knowledge on underline
mechanisms of the flow performance of geothermal reservoir rocks.
EXPERIMENTAL METHOD
Sample Description
Granite samples were collected from the Harcourt Batholith, which is a large multiple intrusion located
in Northwest Victoria, Australia. The selected granite had, medium to coarse-grained gran structure, and
it was found that it has similar mineralogical and petrographic characteristics of granites found in
Australian geothermal wells. Figure 1 illustrates the closer view of a typical granite specimen. Before
the experiments, the samples were carefully characterized in terms of mineral and petrophysical
features and, Table 1 summarizes the petrophysical and mechanical properties of selected granite
under room temperature atmospheric conditions.
22.5 mm
3 mm

22 mm
45 mm

Figure 1: Closer view and a schematic representation of a typical sample prepared for
hydraulic fracturing experiments
To prepare the samples for high temperate and high-pressure hydraulic fracturing followed by
permeability experiments, cylindrical samples of 22.5mm diameter were prepared employing a low
coring rate and water as a lubricant drilling coring process. Then samples were cut into 45 mm lengths,
and two ends were carefully ground to ensure perfectly parallel surfaces (surface irregularity > 10 μm).
Next, to initiate the hydraulic fracture, a 3mm diameter wellbore was created by drilling the sample
centres mid up to mid-depth (22 mm) employing a 3 mm drill bit. In order to minimize sample damage,
a low drilling speed was employed with a lubricant and, this created wellbore acted as an axial notch to
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aid hydraulic fracture initiation (Sarmadivaleh, 2012). Using the compressed air drill hole was cleaned,
and then samples were washed and stored in a 40 °C oven to remove moisture.
Table 1: Physical, and petrographic and mechanical properties of selected granite under room
temperature and pressure conditions
Main minerals
Grain size distribution
Bulk density (kg/m3)
Porosity (%)
Uniaxial compressive strength (MPa)
Young’s modulus (GPa)
Poisson’s ratio
Brazilian tensile strength (MPa)

Quartz (48%), K-feldspar (10%), plagioclase feldspar (18%), biotite (22%), other
minerals (2%)
0.3-1.5 mm
2630
0.8
149.5
18.2
0.22
7.0

High-temperature and high-pressure tri-axial testing apparatus
The recently developed high-temperature and high-pressure tri-axial apparatus available at Deep Earth
Energy Laboratory in Monash University (Shao, 2015) was employed for the high-temperature pressure
hydraulic fracturing experiments and fracture permeability experiments. This testing apparatus is
capable of simulating deep geothermal conditions with confining pressure up to 137 MPa, injection
pressure up to 165 MPa, axial load up to 1000kN and temperature up to 300 °C. The laboratory overview
and the inside view of the testing machine are shown in Figure 2.
(a)

(b)

Hydraulic cylinder

Top plate
LVDT
Fluid
flow line
Insulation
jacket
Load
cell
syringe pump
Confining line
Injection line syringe pump
syringe pump
Directional

Pressure
cell

Steel
clamps

Sample
encapsulated with
annealed copper
sleeve
Thermocouple
(inside)
Bottom
plate

pump

(a) Laboratory overview of the high-pressure high-temperature triaxial set-up (b) Closer view of the
inside of the cell
Figure 2: High-pressure high-temperature triaxial set-up
In this system, for fluid injection, applying confining pressure and axial load, three independent hydraulic
pumps are used and, an electric band heater has been employed to apply the required temperature.
Temperature is carefully controlled and monitored with two independent thermocouples attached to the
pressure cell and inside of the pressure cell (Figure 2(b)), respectively. Further, the specially designed
heating blanket has been used to eliminate any thermal losses during the experiments. In order to
produce large confining pressures under high temperatures, silicone oil has been used as the confining
medium. Further, to isolate the sample with the confining media, particularly machined annealed copper
sleeves are employed as the membrane. Also, specially designed four steel clamps were employed to
eliminate any leakages or fluid losses. A bottom pedestal with a top O ring was employed for the
hydraulic fracturing experiments, while permeability experiments were conducted with another bottom
pedestal with machined distribution rings (Kumari et al., 2018). Specifically manufactured hightemperature O rings made of Teflon were employed for all the high-temperature experiments.
Hydraulic fracturing and fracture permeability test procedure
Throughout all the hydraulic experiments, the axial load was controlled to apply 2 kN of deviatoric force.
This ensured larger axial stress compared to confining press which resulted in the initiation of hydraulic
fracture along the wellbore. Prior to both hydraulic fracturing experiments, the target temperature and
pressure were applied and maintained for 3 hours prior to fluid injection to achieve equilibrium. The
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temperature was applied at a heating rate of 5 °C/min to minimize possible damages to the sample due
to thermal shock. Considering the limited pump volume of 65 ml and the fluid leak-off through the
samples, water was injected employing a constant rate of 5 ml/min. Table 2 represents the hydraulic
fracturing test conditions employed for selected samples considered in this study.
Table 2: Hydraulic fracturing test conditions of each sample
Sample
1
2

Confining Pressure (MPa)
60
60

Temperature (°C)
20
300

Breakdown Pressure (MPa)
72.43
66.41

After the fracturing tests, the copper sleeve was carefully removed by machining it and, fracture
permeability tests were conducted with a new membrane. The same high-temperature, high-pressure
triaxial set-up was employed for the experiments changing the bottom pedestal. The axial load was
maintained throughout all the experiments to apply equal pressure as confining pressure such that σ 1=
σ3. Drained permeability tests were then performed by injecting distilled water at selected injection
pressures under the considered confining pressure and temperature conditions. In order to understand
the effect of confining pressure and injection pressure on hydraulically fractured specimens under room
temperature and high-temperature conditions, permeability test series were performed at room
temperature. The experimental programme was carefully designed to minimize the damage of the
fracture asperities such that both confining pressure and injection pressures were increased gradually
from lower pressures to higher pressures. Further, it was ensured not to release confining pressure
throughout the experiments.
Similar to the hydraulic fracturing experiments, all the fluid flow lines
were drained prior to the experiment to eliminate the presence of any air bubbles. Accumulating
downstream fluid mass was recorded using an electronic balance with an accuracy of 0.01g, and the
corresponding steady-state mass flow rate was calculated. The detailed fracture permeability test
programme employed in the present study is presented in Table 3.
Table 3: Experimental methodology
Sample
Sample 1

Sample 2

Confining Pressure (MPa)
10
15
20
10
20
40
60

Injection Pressure (MPa)
7, 8, 9
12, 13, 14
16, 17, 18, 19
4, 5, 6, 8
5, 8, 10,12, 15
10, 20 25, 30, 35
20, 30, 40, 50

CT scanning tests
One of the main aims of this experimental study is to understand the flow performance of hydraulically
fractured samples which were fractured under high temperatures. Due to high-temperature conditions,
rock micro-structure can certainly be altered. Hence, high-resolution CT scanning imaging technology
was employed with Australian Synchrotron to understand the micro-scale effects of rock during hightemperature hydraulic fracturing. The Imaging and Medical beamline (IMBL), which allows 10 μm voxels
high resolution, was employed for the scanning process.
RESULTS AND DISCUSSIONS
Breakdown curve of the hydraulic fracturing process
Figure 3 illustrates the pressure-time curve of the hydraulic fracturing process for the two samples.
Considering those breakdown pressure curves, four main stages of pressure development stages can
be identified: (i) initial pressure development, (ii) linear wellbore pressurization, (iii) hydraulic fracturing,
(iv) post-failure stage. It was found that the breakdown pressure is both stress and temperaturedependent. However, stress influence is greater compared to the temperature effect (Kumari et al.,
2018).
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Figure 3: The pressure-time curve for different confining pressures
With increasing confining pressure, breakdown pressure is increased, as discussed in the well-known
Hubbert-Wills criteria (Hubbert and Willis, 1957) as follows.
𝑃𝑏 − 𝑃0 = 3𝜎ℎ − 𝜎𝐻 + 𝜎𝑇

(1)

Where Pb is the breakdown pressure, Po is the initial pore pressure, σh is the minimum horizontal stress,
σH is the maximum horizontal stress, and σT is the tensile strength of the rock. It should be noted that
the present experimental results are lower than the HW criteria due to the small sample size,
unperforated wellbore, which results in a larger pressurization area, and temperature effects.
Further, considering the pressure-time curve, a small initial pressure development time can be identified
while that region is considerably higher in Sample 2. During the initial pressurization stage, water is
entered to pre-existing fractures and accessible pores resulting in a small pressure development. Once
those accessible pores are filled, wellbore pressurization begins resulting in a significant pressure
development. However, in the high-temperature experiment, with increasing temperature viscosity of
water is linearly decreased while its compressibility is non-linearly increased (Lemmon et al., 2002).
Further, cold water injection into the comparatively hot rock can result in the initiation and propagation
of thermally induced cracks casing higher fluid leak-off under this condition. This can result in a larger
initial pressurization region under high-temperature conditions as well as relatively low breakdown
pressure. Further, considering the post-failure stage indicates induction of secondary cracks in Sample
2 can be identified. Larger pressure drops in Sample 1 indicate the release of pressure (releasing water
to downstream) along the induced hydraulic fracture; however, the fracture has been closed due to the
confining pressure, resulting in a residual pressure equal to the confining pressure. This feature is less
evident in Sample 2, instead of irregular small pressure drops and rises can be identified. This suggests
that due to the thermal effect, the fracturing mechanism under high temperate is different from room
temperature due to the alteration of rock structure and fracturing fluid properties.
Effect of temperature on hydraulic fracturing process
In order to understand the effect of rock microstructure due to the high-temperature hydraulic fracturing
process, high-resolution CT imaging technology was employed, and Figure 4 illustrates CT images
taken from the cross a cross-section (1 mm away from the wellbore) of each sample. Considering the
CT images, it should be noted that the dark colour regions indicate low-density regions (voids and
fracture) while light colour regions indicate high-density regions (different minerals).
Considering CT images of Sample 1, a tiny single hydraulic fracture is visible, closer to the injection
point; however, with increasing sample length (away from the injection point), induced hydraulic fracture
aperture has been decreased. Reduction of fracture aperture during fracture propagation can be
explained as a reduction of free energy during fracture propagation. However, compared to the room
temperature experiments, under the considered resolution (10 μm), fracture aperture is hardly visible in
Sample 2, which was fractured under 300 °C. Interestingly, as shown in Figure 4(b), the enlarged
images show a porous region closer to the wellbore, which indicates damage to the rock microstructure
due to the injection of cold water into the hot rock. It should be noted that both Sample 1 and 2 were
performed under the same confining pressure; therefore, this microstructural alteration solely depends
on the temperature effect. The high-temperature hydraulic fracturing process has resulted in the
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induction of micro-cracks in the wellbore zone apart from the main fracture due to the quenching effect.
Further, the breakdown pressure curve of the high-temperature experiment suggests that these
secondary cracks are further initiated and propagated during the continuous injection of cold water.
However, compared to the main fracture aperture, these secondary fractures are relatively low (< 20
μm). Although the apertures of thermally induced fractures are considerably lower than the main
hydraulic fracture aperture due to the higher fracture density, these induced secondary fractures may
enhance the flow performance of the sample. For example, compared to the room temperature
condition, measured main fracture aperture (hydraulically induced) at the inlet location under 300 °C is
50% smaller, which might be due to the viscosity reduction of the fluid-induced under high temperature
and enhanced fluid leak-off due to thermal damage (Li et al., 2021; Middleton et al., 2015). Therefore,
in order to understand their flow performance, independent drain permeability tests were conducted over
a wide range of stress conditions, as discussed in the next section.

Wellbore

Hydraulic fracture

Hydraulic fracture

1
mm
(a) Sample 1

Main fracture

Thermally
damaged
zone
1 mm
(b) Sample 2
Figure 4: Enlarge views of CT images
Steady-state flow rate of the hydraulically fractured granite
Flow behaviour of Sample 1 (which was hydraulically fractured under 60 MPa confining pressure and
room temperature) and Sample 2 (which was hydraulically fractured under 60 MPa confining pressure
and 300 °C) were investigated over a wide range of confining pressures (σc) and different injection
pressures (σi) at room temperature condition. It was ensured that σi < σc to ensure further hydraulically
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induced fractures do not initiate during the experiment by eliminating any negative effective stress
development. The detailed test programme employed for both samples is presented in Table 3.
Considering the extreme injection pressures employed, first, the applicability of Darcy law (Darcy, 1856)
for the present experimental conditions were checked, and Figure 5 illustrates the variation of steadystate flow rate with injection pressure for both samples. For all the confining pressures, the steady-state
flow rate was increased with increasing the injection pressure. A linear relationship with the coefficient
of determination (R2) over 0.9 in all the considered conditions was found. Further, the calculated highest
volumetric flow rate was 1.6 x10-10 m3/s (For 10 MPa confining pressure and 9 MPa injection pressure
in Sample 2). Therefore, laminar flow condition, Darcy law was employed to calculate the permeability
of the fractured rocks.
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Figure 5: Steady-state flow rate with injection pressure for different confining pressures
Permeability of the hydraulically fractured granite
Considering the selected granite type under 10 MPa confining pressure and 8 MPa injection pressure,
the steady-state volumetric flow rate of the intact sample was found as 1×10-13 m3/s. However, under
the same condition, this figure for both Sample 1 and 2 was 1×10-11 m3/s and 1.6×10-10 m3/s,
respectively. Therefore, throughout the study, permeability was calculated, neglecting matrix
permeability with the assumption that fluid flow only occurs through the induced fracture as follows.
Neglecting the gravitational effects, Darcy law for one-dimensional flow can be expressed as follows:
𝑄=−

𝐴𝑘 𝑑𝑃
𝜇 𝑑𝑥

(2)

where Q is the volumetric flow rate, A is the free flow area, k is the permeability of the media, μ is the
dynamic viscosity of the fluid, and dP is the pressure drop along the distance dx.
In order to obtain the free flow area, it is important to incorporate fracture aperture for hydraulically
fractured samples and hence assuming fracture flow occurs through two idealized parallel plates,
fracture permeability was calculated based on the cubic law as suggested by Witherspoon et al. (1980)
as follows:
𝑄=−

𝑤𝑒 3 𝑑𝑃
12𝜇 𝑑𝑥

(3)

where e is the hydraulic aperture and w is the fracture width.
Therefore, assuming linear pressure gradient, hydraulic fracture aperture can be calculated for the
present condition as:
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1/3
12 𝑄𝜇
𝐿
𝑒=(
)
𝑤
𝑃𝑖 − 𝑃𝑜

(4)

where L is the sample length Pi is the injection pressure, and Po is the outlet pressure.
Further, considering free flow area as; A= ew and, combining Eq. 6 and 7, fracture permeability for each
condition can be calculated as follows:
𝑘=

𝑒2
12

(5)

where k is the permeability of the fracture.
Figure 6 illustrates the variation of calculated permeability with injection pressure for both Sample 1 and
2.
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Figure 6: Permeability variation with injection pressure for different confining pressures
It was found that with increasing confining pressure, both steady-state flow rate and permeability nonlinearly decrease in both Samples. Interestingly it was found that both the steady-state flow rate and
permeability of Sample 1 is considerably lesser than Sample 2. For example, under 10 MPa confining
pressure and 8 MPa injection pressure steady-state flow rate of Sample 1 was 1 x10-11 m3/s, while this
was 1.6 x10-10 m3/s in Sample 2, which is one order higher than Sample 1. Under this condition,
permeability reduction was also in the same order, such that 0.21 mD permeability was found in Sample
1 while this figure was 2 mD in Sample 2. It should be noted that, because of the smaller flow rate of
Sample 1, flow-through experiments were conducted under comparatively small confining pressures (up
to 20 MPa) and under higher injection pressures (minimizing the effective stress). Considering the
present experimental work, since both Samples were hydraulically fractured under the same confining
pressure by employing identical stress conditions effect of temperature on the hydraulic fracturing
process can be captured.
As identified in the CT images, only a single hydraulic fracture is present in Sample 1, while Sample 2
is consisted of multiple fractures in the wellbore zone due to injection of cold water into the hot rock.
Although the fracture aperture of both main fracture and the secondary fractures of Sample 2 is
considerably low (secondary fracture apertures are < 20 μm while main fracture aperture is 50% lower
than the Sample 1, because of the creation of perforated zone closer to the wellbore zone, the porosity
of Sample 2 is considerably higher than Sample 1. This was evident with a higher leak-off during the
hydraulic fracturing process also. Therefore, permeability is almost one order higher in the sample
hydraulically fractured under high temperatures under the same stress conditions. As a result of the
injection of cold water into the hot rock, due to the induced thermal stresses, rock microstructure can be
altered with the induction of both intergranular and intragranular cracks depending on the temperature
condition. Considering the present experiment, cold water was injected into the granite rock which was
under 300 °C during the hydraulic fracturing experiments. Therefore induction of intergranular cracks
alone quartz-quartz, quartz-feldspar boundaries can be expected as identified in (Isaka et al., 2018).
These thermally induced cracks can substantially alter the flow performance of the rock matrix
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(Ghassemi and Kumar, 2007; Kumari et al., 2018) and therefore, considering the geothermal context,
induction of multiple thermally induced fractures can be expected, which results in considerable
permeability enhancement of near-wellbore zone.
The effect of stress state on flow characteristics of fractured granite
While linear increment of steady-state flow rate was observed with increasing injection pressure,
calculated permeability change was insignificant in a certain confining pressure. However, with
increasing confining pressure, it was found that both steady-state flow rate and permeability was nonlinearly decreased, depicted in Figures 5-7.
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(a) Permeability variation with confining pressure of the two samples under different effective
stresses
Confining pressure (MPa)
0

10

20

30

40

50

60

70

3.E-6

Permeability (Darcy)

2.E-6
Sample 1
y = 3E-06e-0.078x
R² = 0.9641

2.E-6

Sample 2

1.E-6

5.E-7

y = 2E-06e-0.231x
R² = 0.9927

0.E+0

(b) Comparison of permeability variation of two samples for different effective stresses
Figure 7: Effect of the stress state on fracture permeability
For example, considering Sample 1, the average steady-state flow rate decreased from 1x10-11 m3/s
to 4x10-12 m3/s once the confining pressure increased from 10 MPa to 20 MPa. The respective
permeability reduction was also in the same order, such that from 0.22 mD to 22 nD. However,
considering Sample 2, it was found that the average steady-state flow rate was decreased from 1x10-7
m3/s from 5x10-10 m3/s once the confining pressure is increased from 10 MPa to 60 MPa. The respective
permeability reduction was also in the same order, such that from 1.8 mD to 0.18 mD. Further, it was
found that the flow performance of each sample due to applied stress levels was also dissimilar. For
example, once confining pressure increased from 10 MPa to 20 MPa, the respective permeability
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reduction of Sample 1 was one order while that figure was 75% in Sample 2. It further emphasizes that
the induced fractures (both hydraulically and thermally) are highly stress-dependent such that increased
normal stress results in non-linear closure of those fractures. Since Sample 1 consists of one single
fracture, the effect of normal stress is more significant because once the single fracture is closed, the
entire flow is impeded. However, since Sample 2 has consisted of multiple fractures, the fluid flow tends
to take preferential perforated paths under higher stress conditions resulting in better flow performance.
The corresponding stress state significantly influences the flow performance of both intact and fractured
rocks. In this regard, change of both normal stress (confining pressure Pc) and pore pressure (injection
pressure Pe) plays critical roles (Makurat et al., 1991; Rutqvist and Stephansson, 2003). Therefore, the
stress condition acting on the sample is generally discussed with the term effective stress:
𝑃𝑒 = 𝑃𝑐 − 𝛼𝑃𝑖

(6)

where α is taken to be 1.0 for water (Cheng, 2014). Therefore, permeability variation with increasing
confining pressure was checked under different effective stresses, as shown in Figure 7. It was found
that the permeability of both samples was exponentially decreased. This result is consistent with a
number of studies that employed different types of intact rocks. This implies that with increasing reservoir
depth/ reduction of pore pressure, a non-linear relationship (exponential/logarithmic) can be employed
to understand the flow performance of hydraulically stimulated reservoir rocks (Rutqvist and
Stephansson, 2003). With the increment of effective pressure on the fractured reservoir, the flow
resistance increased as a result of the closure of the induced aperture (Tuncay and Corapcioglu, 1995).
Therefore, it can be identified that, under high confining pressures (deep reservoir conditions), once the
pore pressure is realized during the hydraulic fracturing process, the induced fracture is substantially
closed. This can result in a significant reduction of transport characteristics, and therefore it is essential
to keep the fracture open once the fluid pressure is released. In this regard, proppants which are typically
small solid particles (sand, ceramic), chemical or gel (Patel et al., 2014), are generally mixed to the
fracturing fluid in the oil and gas fields. Considering high-temperature geothermal environments, it is
important to evaluate the performance of different proppant types (Gomaa et al., 2015), and this can be
identified as a future research direction.
CONCLUSIONS
In this study, the flow performance of hydraulically fractured granites under two different temperature
conditions was investigated. From the study results, the following conclusions are drawn:








Under high temperatures, the mechanism of the hydraulic fracturing process is different
compared to room temperature conditions due to thermal damage to the rock matrix and the
change of material properties of the fracturing fluid.
CT images confirmed that one single fracture is induced at room temperature. However, a
perforated zone with multiple inter-crystalline cracks is induced in the wellbore zone apart from
the main fracture under the high-temperature hydraulic fracturing process.
Although the fracture aperture of both main fracture and the thermally induced fractures are
relatively low compared to the room temperate condition, because of the creation of perforated
zone closer to the wellbore zone, experimental results revealed permeability is almost one order
higher in the sample hydraulically fractured under high temperature under the same stress
conditions up to 20 MPa confining pressure.
It was identified that non-linear reduction in fracture permeability due to applied normal stresses.
Further reduction of effective stress on the fracture resulted in an increment of fluid discharge
due to associated pore pressure variations and an increase of fracture aperture.
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COMPRESSION AND SHEAR WAVE SONIC
VELOCITY MEASUREMENTS IN HARD ROCK
Rhys Pitchers1, Stuart MacGregor2 and Benn Whistler3
ABSTRACT: Compression wave sonic velocity (Vp) is routinely measured in rock testing laboratories.
Shear wave sonic velocity (Vs) measurement for further application to geomechanical studies is not
routinely conducted. This paper outlines the establishment of a laboratory testing technique including
waveform analysis for the determination of shear wave velocity.
The paper outlines the measurement of compressional and shear wave sonic velocities using ultrasonic
pulse transmission technique, for several hard rock lithologies recovered during routine (NQ/HQ/PQ)
exploration core drilling. Shear wave sonic velocities were measured using a pair of shear piezoelectric
transducer elements. Measured shear wave sonic velocities are compared with fundamental and
empirical formulas used to predict shear wave sonic velocity, in order to verify the method.
This paper discusses the need for an Australian Standard that includes a provision for the measurement
of shear wave sonic velocity. Measured results are used to calculate dynamic moduli of rock samples
and are compared with static moduli. The application of dynamic moduli to geotechnical characterisation
of the rock mass is explored.
INTRODUCTION
A sonic, also referred to as an acoustic wave is a mechanical wave in which energy propagates through
a medium via adiabatic compression and decompression. Propagation of acoustic waves through rock
are measured in the field and in the laboratory setting, using different methods. The fundamentals of
acoustic wave propagation through rock are consistent despite the change in environment and method
of measurement. Acoustic velocity measurement is a record of the time required for an acoustic wave
to travel a known distance, through a rock (Bassiouni, 1994).
Acoustic wave velocity can be used to evaluate porosity, lithology, dynamic moduli, clastic rock strength,
rock anisotropy, underground cavities, and rock discontinuities. This non-destructive measurement has
extensive application in geotechnical engineering. The frontier is continually being expanded by
academics and professionals alike with papers detailing theoretical studies, field and laboratory results
and their application in evaluating specific geotechnical characteristics.
Methods for measuring acoustic wave velocity in the field are extensive. Boreholes drilled during
resource exploration provide a significant opportunity to capture acoustic wave velocity in the rock mass.
In Australia – in the mining industry particularly – downhole geophysical surveys are routinely conducted
to this end. A sonic tool is used to measure the compression and shear wave sonic velocity, from which
dynamic moduli and formation evaluation is derived.
Methods for measuring acoustic wave velocity in the laboratory are less extensive and are
predominantly based on ultrasonic pulse transmission technique. The method uses multiple electrical
components. Simply, a (transmitter) transducer generates a small amplitude acoustic wave which
propagates through a rock sample of known size. The acoustic wave is received by a (receiver)
transducer, and the time taken for propagation between the two transducers is captured by an
oscilloscope. Acoustic wave velocity is calculated from the time taken to travel through the known
distance. There is currently no Australian Standard for the measure of acoustic wave velocity in rock.
This paper presents a dataset of hard rock samples from the porphyry copper-gold Alpala deposit in
North Ecuador. These samples were subject to acoustic wave velocity measurements in an Australian
geotechnical laboratory – Strata Testing Services (STS). As part of a larger geotechnical testing
program, ninety (90) samples were subject to compression wave sonic velocity measurements. Fifty six
(56) samples were subject to shear wave sonic velocity measurements, with all samples tested in an
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unconfined condition. The method used to conduct these laboratory measurements and the results
obtained are presented in this paper. The results are verified using fundamental and empirical equations.
Dynamic moduli are calculated from the acoustic properties of the rock samples and are compared with
the static moduli measured in the geotechnical laboratory.
LITERATURE REVIEW
Acoustic velocity is dependent on the elastic properties of rock (Bassiouni, 1994). Therefore, acoustic
velocity can be used to measure elastic properties of rock. A basic introduction to elasticity and elastic
wave propagation is presented next.
Stress and strain are basic engineering concepts. Rock elasticity can be quantified by measuring the
change in shape and size of a rock (strain) that is subject to external forces of known magnitude over a
known area (stress). In the context of this paper, stress is applied by the mechanical pulse of a
piezoelectric element housed in a (compression or shear) transducer.
The acoustic waveform consists of multiple acoustic waves namely, compression, shear, Rayleigh and
Stoneley waves. Compression waves have the highest velocity and Stoneley waves the slowest, due to
the nature of wave propagation. Compression and shear waves are presented herein.
A mechanical pulse applied to an elastic body (rock) will cause it to instantaneously compress. The
domain where particles are most compressed will displace away from the point of impact. The
compression wave is transmitted through the elastic body via a series of compressions and dilations
that occur along the direction of propagation.
Particle motion in a shear wave is perpendicular to the direction of propagation. A shear stress pulse
acting on an elastic body yields a shear wave. In the context of this paper, shear stress is applied by the
lateral mechanical oscillation of a piezoelectric element housed in a shear transducer. Figure 1 presents
the ideal compression (a) and shear (b) wave propagation through a homogenous, elastic body.
In his book “Theory, measurement and interpretation of well logs”, Bassiouni derives the relationship
between the shear and compressional wave velocities and the elastic constants: Young’s modulus (E ),
Poisson’s ratio (ν ), bulk modulus (K ) and shear modulus (G ) (Bassiouni, 1994, p45-47). These
relationships can be used to calculate the elastic constants from measurements of density (ρ), V p and
Vs. The fundamental equations are presented below and have been used to validate the measured
shear wave sonic velocity and calculate dynamic moduli in this paper.

Figure 1: Compression (a) and shear (b) wave propagation through
a homogenous, elastic body (Landstreet, 2009)
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Elastic properties derived from equations of motion by Bassiouni 1994:
𝑉𝑝 = [(𝐾 + 4/3)𝐺/𝜌](1/2)

[Equation 3.18 (Bassiouni, 1994)]

𝑉𝑠 = (𝐺/𝜌)(1/2)

[Equation 3.19 (Bassiouni, 1994)]

𝑉𝑝 /𝑉𝑠 = [(2(1 − 𝜈) / (1 − 2𝜈)]2

[Equation 3.23 (Bassiouni, 1994)]

Dynamic moduli equations
𝐺 = 𝑉𝑠2 𝜌
(2 −

𝜈 =

𝑉2
𝑝

𝑉2
𝑝
)
𝑉2
𝑠

(Rearranging equation 3.19)

(1)

(Rearranging equation 3.23)

(2)

(Rearranging equation 3.7)

(3)

(Derived from equation 3.18)

(4)
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𝑠

𝐸 = 2𝐺(1 + 𝜈)
𝑉𝑝2
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𝑉𝑠2

−

4
3

)

Christensen’s equation is an empirical derived equation commonly used in hard rock environments to
calculate shear wave sonic velocity (Firth and Elkington, 1999). The equation – presented below – is
based on compression wave sonic velocity and density. This empirical equation will be used in
conjunction with the equations of motion derived Vs calculation in order to validate the shear wave sonic
velocity measurements presented in this paper.
𝑉𝑠 = 𝑉𝑝 [1 − 1.15((1/𝜌 + 1/𝜌3 )/(𝑒 1/𝑝 ))]

(3/2)

(Firth and Elkington, 1999)

(5)

ρ – density (kg/m3)
METHODOLOGY
A fundamental explanation of the ultrasonic pulse transmission technique used to measure the sonic
velocities of rock is presented in this section. Figure 2 presents a schematic of the testing apparatus
used to measure the sonic velocities of rock.

Figure 2: Schematic diagram of laboratory apparatus used to measure
sonic velocity in rock (ASTM D2845-08)
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Figure 3: HQ rock sample subject to sonic velocity measurements
using (compression) transducers
An electrical pulse is generated through the pulse velocity generator at a particular frequency (stipulated
in the relevant standards). This provides a source of electrical energy to the (transmitter) transducer,
located at one end of the rock sample, and to the oscilloscope. This initial pulse is received by the
oscilloscope and used as the trigger for the timing of the acoustic wave propagation.
The transmitter transducer converts the electrical energy supplied into mechanical energy, transmitting
a consistent mechanical pulse into the rock specimen. The mechanical pulse from the transducer
produces a rapid displacement at the end of the rock sample, creating an acoustic wave. This acoustic
wave propagates through the rock sample.
The receiver transducer is connected to the opposite end of the rock specimen. Once the acoustic wave
propagates through to the opposite end of the rock specimen the mechanical energy of the wave excites
the piezoelectric element of the receiver transducer. The receiver transducer converts the mechanical
energy back into electrical energy. This electrical pulse is displayed on the oscilloscope as the
transmitted pulse or the ‘arrival’ of the sonic wave. Figure 4 presents an example of the oscilloscope
display showing trigger and ‘arrival’ of the sonic wave.

Figure 4: Oscilloscope display of transit time between trigger and sonic wave arrival
The laboratory technician, using the oscilloscope, can then easily determine the transit time, which is
the time between the trigger (direct pulse) of the pulse velocity generator and the transmitted pulse
(arrival of the sonic wave). The length of the rock specimen is measured at the start of the test. Allowing
for the sonic velocity to be calculated simply by Equation 6.
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𝑉𝑝 (𝑚/𝑠) =

𝑙𝑒𝑛𝑔𝑡ℎ 𝑜𝑓 𝑠𝑎𝑚𝑝𝑙𝑒 (𝑚𝑚)
𝑡𝑟𝑎𝑛𝑠𝑖𝑡 𝑡𝑖𝑚𝑒 (𝜇𝑠)

∗ 103

(6)

RMS T224 Test Method
The RMS T224 test method framework was used for measuring the sonic velocities presented in this
paper. Sections 3 to 6 of RMS T224 describe the method for measuring the compression wave sonic
velocity (Vp) in rock. However, no provision for the measurement of shear wave sonic velocity (V s) was
made by the standard.
Measuring the shear wave sonic velocity
Two benchmark standards exist for measuring the sonic velocity of rock, these include:
1. The International Society for Rock Mechanics (ISRM) – Upgraded ISRM Suggested Method for
Determining Sound Velocity by Ultrasonic Pulse Transmission Technique
2. American Society of Testing Methods (ASTM) – ASTM D2845-08
Table 1 presents a summary of test method attributes – for key test methods – that are relevant to this
paper. In the authors’ opinion the ASTM D2845-08 method is the most comprehensive and universal
test method for determining the sonic velocity of rocks using ultrasonic pulse transmission technique.
Table 1: Summary of significant test methods
Test Criteria

ASTM D2845-08

ISRM

RMS T224

1.1 Transducer pair used to measure sonic velocity
1.2 Method for calculating Vp
1.3 Method for calculating Vs
1.4 Shear piezoelectric elements recommended for
determination of Vs
1.5 Includes elastic constant equations
1.6 Includes quantified measure of sample anisotropy

Both these standards make provision for the measurement of the compression wave sonic velocity –
first arrival. And the measurement of the shear wave sonic velocity – second arrival. Both standards
suggest but do not require shear transducers to be used to measure the Vs.
Figure 5 presents a comparison – of the oscilloscope view – between the acoustic wave measured by
compression and shear transducer pairs on a trial (sandstone) sample prior to testing on the Alpala
geotechnical sample set. Figure 5a presents an acoustic waveform as measured by a compression
transducer pair. The first arrival measured as 52μs.

Figure 5: Oscilloscope view of the acoustic wave measured by compression (top)
and shear (bottom) transducers
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The shear wave is the next expected acoustic wave to arrive or be received by the receiver transducer.
However, the second arrival is difficult to discern due to the natural heterogeneity and microstructure of
the rock. The second arrival (shear wave) was measured using shear transducers and was found to
have a transit time of 82μs. This second arrival would be impossible to discern in this scenario from
compression transducers only as there is no clear deviation in the acoustic waveform to indicate that
the shear wave front has arrived and been received by the transducer.
Figure 5b presents the acoustic waveform of the trial sample as measured by a shear transducer pair.
The ‘first’ arrival is clearly denoted by the voltage change at 82μs. During acoustic wave velocity
measurement, the shear transducer predominately generates a shear wave in the rock sample. This
shear wave propagates through the rock sample and is received by a shear transducer that is excited
primarily by lateral oscillations caused by shear displacement of the shear wave. Due to the mechanics
of the shear wave transducer the ‘first’ arrival, as depicted in Figure 5b, is the shear wave.
Strictly speaking the arrival of the shear wave is always the second arrival. A very low amplitude or
‘parasitic’ compression wave is known to be produced by shear wave transducers (Yurikov et. al., 2019).
In this scenario the ‘parasitic’ compression wave is of low amplitude and appears to be registered at
approximately 56μs transit time. The point at which the voltage deviates from 0V on the oscilloscope.
Figure 5 presents an ideal case where the first arrival, as measured by the compression transducers,
represents the compression wave sonic velocity and the ‘clear’ or ‘significant’ first arrival measured by
the shear transducers represents the shear wave sonic velocity.
RESULTS
Acoustic velocity was measured on ninety (90) samples from the broader Alpala deposit geotechnical
testing programme. The geotechnical testing was conducted by STS to the relevant Australian
Standards (AS) unless otherwise stated.
All 90 samples had compression wave sonic velocity measured using the RMS T224 test method. 56
samples had shear wave sonic velocity measured using shear transducers under the RMS T224 test
method framework, modified by using shear transducers. These 56 samples were all subject to
destructive
UCS testing (AS4133.4.2.1 and AS4133.4.2.2), during which Young’s modulus and Poisson’s ratio was
measured to AS4133.4.3.1 and AS4133.4.3.2.
Acoustic wave measurements
Figure 6 presents the acoustic wave velocities – compression and shear wave – from the hard rock
dataset consisting of various metamorphic and igneous rocks.
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Figure 6: Laboratory P and S wave sonic velocities measured relative to rock density
Figure 6 illustrates the faster acoustic velocity of the compression wave through the rock sample in
comparison to the slower shear wave acoustic velocity. The average Vp/Vs ratio was 1.87. This result is
consistent with the literature which states the P wave is the first arrival and the S wave is the second
arrival of the acoustic waveform, mathematically represented by (Vp) > (1.41 *Vs ) (Bassiouni, 1994).
Shear wave sonic velocity by equations of motion
Figure 7 presents the shear wave sonic velocity measured on 56 hard rock samples against measured
density as well as the sonic velocity calculated by equations of motion [Equation 3.19 (Bassiouni, 1994)].
Figure 7 shows the trend between Vs and density is strongly correlated for both the calculated and
measured values. The function defining Vs measured is only 3% greater than the function defining V s
calculated. Vs measured values are slightly greater in magnitude than the Vs values calculated by
equations of motion.
Figure 7 highlights the relatively extreme high and low Vs values calculated by equations of motion. The
grouping of the Vs measured values are much more consistent and therefore the function is more
representative of the dataset. This is driven by the properties which are used to calculate the V s value
in [Equation 3.19 (Bassiouni, 1994)]. These properties include Young’s modulus, Poisson’s ratio and
density.

Figure 7: Measured and calculated shear wave sonic velocity relative to density
The theoretical equation assumes the rock material is homogenous and isotropic, which makes it
sensitive to any microstructure or inclusions that may be naturally occurring.
Shear wave sonic velocity by Christensen’s Equation
Figure 8 presents the shear wave sonic velocity measured on 56 hard rock samples against measured
density as well as the sonic velocity calculated by Christensen’s equation. Figure 8 shows the trend
between Vs and density is strongly correlated for both the calculated and measured values. The function
defining Vs measured is 11% greater than the function defining Vs calculated. This indicates that Vs
measured values are slightly greater in magnitude than the Vs values calculated by Christensen’s
equation.
Christensen’s equation is an empirical derived equation commonly used in hard rock environments to
calculate shear wave sonic velocity (Firth and Elkington, 1999). Natural variation between rock types is
expected due to grain size, mineral concentration, grain boundaries and inclusions. Variation is also
expected in the microstructure of samples due to the relative stress fields the rocks were subject to and
the degree of micro fracturing that may have occurred. These natural variation are expected to manifest
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as variation between the empirical equation results and measured shear wave sonic velocity results.
This outcome is evident in Figure 8.
The two methods for calculating Vs independently validate the accuracy and appropriateness of the
measured shear wave sonic velocities presented in this paper. The equations of motion assume a
homogenous, isotropic, elastic medium. The shortfalls of the theoretical calculation when applied to rock
samples have been discussed and are illustrated by the relatively extreme variations in high and low
calculated shear wave sonic velocities. Christensen’s equation is commonly used to calculate shear
wave sonic velocity in hard rock environments, relying on density and compression wave sonic velocity
logs to estimate Vs. Natural geological variations between datasets are expected to manifest as
variations between calculated and measured shear wave sonic velocity as discussed.

Figure 8: Measured and calculated shear wave sonic velocity relative to density
Static vs Dynamic Moduli
Young’s modulus (E )
Figure 9 presents the Young’s modulus values measured during UCS testing (static) and sonic velocity
measurements (dynamic). Dynamic Young’s modulus was found to be on average 28% greater than the
static Young’s modulus. There is a strong correlation between the static and dynamic Young’s modulus
measurements.
This suggests that the mathematical relationship y = 0.88x + 17.67 links static and dynamic Young’s
modulus – for this dataset – and that geotechnical rock properties can be calculated from acoustic
velocity measurements. Acoustic velocity measurements of rock would be able to further supplement
multiple geotechnical applications.
Figure 10 presents a box plot of dynamic and static Young’s modulus values. Dynamic Young’s modulus
magnitudes are generally greater than static Young’s modulus magnitudes for the same sample set.
Dynamic Young’s modulus values present a smaller spread of data. This is quantified by end members
and a smaller interquartile range in comparison with static Young’s modulus values.
Static Young’s modulus was measured using two axial strain gauges placed at opposing sides of the
middle of the rock sample, consistent with AS4133.4.2.1 and AS4133.4.2.2. This discrete measure of
strain change during axial loading is used to represent the axial strain change of the entire sample.
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Dynamic Young’s modulus is calculated by Equation 3. This equation incorporates compression and
shear wave sonic velocity – a measure of elastic properties of the entire rock sample. Equation 3 also
includes density, another measure of the properties of the entire rock sample.

Figure 9: Static versus dynamic Young’s modulus for various hard rock lithologies

Figure 10: Box plot of dynamic and static Young’s modulus (outliers removed).
Poisson’s ratio (ν)
Figure 11 presents the Poisson’s ratio values measured during UCS testing (static) and sonic velocity
measurements (dynamic). The relationship between dynamic and static Poisson’s ratio is not well
correlated. The function defining the relationship between dynamic and static Poisson’s ratio
simultaneously underestimates and overestimates values.
Figure 12 presents a box plot of dynamic and static Poisson’s ratio values. Dynamic Poisson’s ratio
magnitudes are generally greater than static Poisson’s ratio magnitudes for the same sample set.
Dynamic Poisson’s ratio values present a smaller spread of data. As was the case with Young’s modulus
values presented in Figure 10. Dynamic Poisson’s ratio end members 0.15 and 0.37 are considerably
more confined than static Poisson’s ratio end members of 0.11 and 0.42.
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Static Poisson’s ratio was measured using two partial circumferential strain gauges, in addition to the
axial strain gauges. These strain gauges were positioned at opposite sides of the middle of the rock
sample. Consistent with AS4133.4.2.1 and AS4133.4.2.2.

Figure 11: Static versus dynamic Poisson’s ratio for various hard rock lithologies

Figure 12: Box plot of dynamic and static Poisson’s ratio (outliers removed).
Shear modulus (G)
Figure 13 presents the shear modulus values measured during UCS testing (static) and sonic velocity
measurements (dynamic). Dynamic shear modulus was found to be 30% greater than the static shear
modulus. There is a strong correlation between the two methods of shear modulus measurement. For
isotropic elastic materials, the shear modulus is directly related to Young’s modulus and Poisson’s ratio,
as given by Equation 3.
The results in Figure 13 suggest that the relationship between dynamic and static shear modulus can
be mathematically defined. Suggesting shear modulus can be reliably quantified from acoustic velocity
measurements in rock. The greater geotechnical application will be discussed at the end of this paper.
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Figure 13: Static versus dynamic shear modulus (G) for various hard rock lithologies
DISCUSSION
Acoustic velocity measurement
No Australian standard (AS) exists for measuring the sonic velocity of rock in a laboratory setting, despite
this test being routinely conducted. Two benchmark standards are known to exist for determining the
sonic velocity of rock by ultrasonic pulse transmission technique. These standards have been produced
by:
 The International Society for Rock Mechanics (ISRM) – Upgraded ISRM Suggested Method for
Determining Sound Velocity by Ultrasonic Pulse Transmission Technique
 American Society of Testing Methods (ASTM) – ASTM D2845-08
Australian laboratories are known to use a range of methods for determining the sonic velocity of rock
which include:
 RMS T224,
 ASTM D2845-08, and
 In-house test methods.
A benchmark Australian Standard for measuring the sonic velocity of rock is essential. An Australian
Standard would result in consistent, accurate and comparable results across laboratories and resources.
This would benefit the mining industry by ensuring high quality results that feed into downflow
workstreams – dynamic moduli, inferred UCS. This, in turn, will result in higher confidence geotechnical
characterisation and aid in reducing geotechnical risk.
This paper puts forward evidence that in order to maximise the success rate of measuring the shear
wave sonic velocity, the use of shear transducers should be mandatory. The use of shear transducers
would aid in producing a clearly distinguishable second arrival from the low amplitude compression
waveform. The objective being to remove interpretation error and produce accurate, repeatable results.
Geotechnical engineering application
The laboratory results presented in this paper have shown that acoustic velocity measurements can be
used to calculate dynamic moduli that are mathematically related to static moduli. Specifically, Young’s
modulus and shear modulus.
The geotechnical applications of acoustic velocity measurements in rock are significant. This nondestructive testing method would allow a greater number of samples to be tested at a lower cost than
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destructive strength testing methods. Compressional and shear wave velocity data from borehole
logging can be used to add to the core-based data set.
There is also the potential of generating three-dimensional (3D) geological models which incorporate
rock mass deformation properties using Surfer, Voxler, FLAC3D and other geotechnical modelling
packages. This can be achieved by measuring the acoustic velocity of rocks in the field via downhole
geophysical surveys. Incorporating the acoustic velocity from a density log and calculating the various
dynamic moduli from equations presented in this paper (Bassiouni, 1994). These dynamic moduli logs
can be correlated with adjacent boreholes in order to generate a 3D rock mass model.
These measurements and type of analysis are already being conducted but not as frequently as is
realistically achievable in the Australian mining industry. The 3D models derived from acoustic velocity
measurements would be significant in supplementing current geotechnical characterisation in
resources. Geophysical logs allow for measuring deformation moduli continuously along boreholes,
adding to the point data derived from UCS and triaxial core testing.
Static and dynamic moduli are expected to vary due to the order of magnitude of stress the rock is
subject to during deformation measurement. Further research would be necessary to review the
datasets which currently exist, linking static to dynamic moduli – measured in the field. This would guide
and facilitate the application of acoustic velocity measurements to obtain deformation properties for use
in 3D geotechnical models.
CONCLUSIONS






The laboratory measurement of shear wave sonic velocity in rock has been successfully
completed using shear transducers and the RMS T224 test method framework.
The shear wave sonic velocity results have been validated by theoretical and empirical
equations.
A relationship between static and dynamic Young’s modulus has been expressed
mathematically for the geotechnical dataset presented.
No relationship was observed between static and dynamic Poisson’s ratio.
An Australian Standard for sonic velocity measurement is required for the benefit of the mining
industry.
ACKNOWLEDGEMENTS

The Authors would like to thank and acknowledge the Strata Testing Services team who were
instrumental in testing, trialling and successfully measuring the shear wave sonic velocity, in addition to
all routine geotechnical testing conducted. A further thanks to SolGold plc who allowed for their
geotechnical data to be used in this paper.
REFERENCES
American Society of Testing Methods, 2008. ASTM D2845-08 Standard Test Method for Laboratory
Determination of Pulse Velocities and Ultrasonic Elastic Constants of Rock, ASTM International,
Pennsylvania United States.
Bassiouni, Z., 1994. Theory, measurement, and interpretation of well logs. Richardson: Society of
Petroleum Engineers.
Firth, D., and Elkington, P., 1999. Log analysis for mining applications. [Brendale, Qld.]: [Reeves
Wireline Services].
Han, D., Nur, A., and Morgan, D., 1986. Effects of porosity and clay content on wave velocities in
sandstones. GEOPHYSICS, 51(11), pp. 2093-2107.
Landstreet, J. (2009, February 9). Planets. Retrieved from Astronomy and Astrophysics:
http://www.astro.uwo.ca/~jlandstr/planets/webfigs/earth/images/waves.gif.
Roads and Maritime Services 2012. Determination of the ultrasonic velocity of soil or rock, Test Method
T224, Roads and Maritime Services.
Yurikov, A., Nourifard, N., Pervukhina, M., and Lebedev, M., 2019. Laboratory ultrasonic measurements:
Shear transducers for compressional waves. The Leading Edge, 38(5), pp. 392-399.

University of Wollongong, University of Southern Queensland, February 2022

65

2022 Resource Operators Conference (ROC 2022)

MEASUREMENT OF THE CAVED ZONE ABOVE A
LONGWALL PANEL, UNITED COLLIERY
Yvette Heritage1, Ben Blacka2 and Damien James3
ABSTRACT: This paper presents the results of a targeted goaf borehole program to define the edge of
the Longwall 10 caved zone at United Colliery, Hunter Valley NSW. Longwall 10 is an isolated panel
with a supercritical panel geometry. Three of the five boreholes defined the edge of caving, while two
boreholes characterised the centre of the goaf. The location of the caved zone was depicted from a
combination of total water loss during drilling that coincided with a subvertical fracture at the location of
total water loss.
The boreholes showed the caving angle from the pillar ribs to be 21 degrees on the up dip side and 19
degrees on the down dip side of the panel. An additional borehole drilled 10 metres (m) towards the
goaf centre on the up dip side showed a caving angle increase to 25 degrees from the adjacent borehole,
indicating the arc shape of the caved zone.
The caving angle coincided with a high strain fracture zone and connectivity to the goaf. This caving
angle information can inform assessments for hydraulic/gas connectivity and geotechnical engineering
applications such as multi-seam overmining or opencut/underground interaction. (Note that the caving
angle is not the same as the abutment angle, which the latter is a calculated angle based on pillar load.)
INTRODUCTION
A targeted goaf borehole program was implemented to define the caved zone and mining induced
fracture network at United Colliery, Hunter Valley New South Wales. The location of United Colliery is
presented in Figure 1. United Colliery was a Woodlands Hill Seam longwall and pillar extraction mining
operation that is no longer operational. United Wambo Joint Venture implemented a drilling program to
characterise the caved zone above Longwall 10 panel to inform open cut hazard identification and
assessments.

Figure 1: Location of United Colliery
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United Longwall 10 is an isolated panel with a supercritical panel geometry at approximately 120m depth
and 180m panel width. Five boreholes were drilled above Longwall 10 to characterise the caved zone
above the longwall panel. The boreholes were HQ cored, geotechnically and geophysically logged and
tested for hydraulic conductivity with lugeon style packer testing.
The field program provided valuable information in defining the edge of the caved zone, by
characterising the high strain zone of fractures at the edge of the caving arc. Geotechnical core logging
allowed characterisation of the fractures, while the packer testing and/or water loss observations allowed
assessment of fracture conductivity relating to fracture aperture/strain.
This paper presents outcomes of the drilling program relevant to definition of the caved zone and mining
induced fracture network.
FIELD INVESTIGATION
The borehole locations were designed to:




define the edge of the caved zone on the maingate and tailgate sides
characterise the fracture network above the caved zone
characterise the fracture network in the caved zone – including two boreholes located in the
goaf to investigate potential variability.

The location of the boreholes is presented in Figure 2. Four of the five boreholes form a cross section
across Longwall 10. Boreholes SCT07 and SCT10 were located on the north-eastern side of the panel,
Borehole SCT09 was located on the south-western side of the panel, and Borehole SCT08 was located
in the centre of the goaf. Borehole SCT05 was also located in the goaf centre, approximately 600m
south-east of the main cross section to investigate goaf centre variability.
All boreholes were vertical HQ cored boreholes. The first 20m of borehole was not cored due to weaker
ground and installation of casing. All core was geotechnically logged. Geophysics was logged where
water return was made possible by either a competent borehole, or by a Van Ruth Plug inserted at the
base of the hole above the total water loss zone to re-establish water returns. If geophysics was able to
be run, the geophysics tools consisted of gamma, density, caliper, Acoustic Televiewer and Optical
Televiewer. A borehole camera survey was conducted where possible. Although not specifically
presented in this paper, the borehole geophysical logs and borehole camera assisted the authors in
characterising and interpreting the caved zone. Key characteristics pertaining to identification of the
caved zone are presented in this paper.
The inherent issues of drilling into a goaf including water loss and gas connectivity, meant that boreholes
could only be drilled until total water loss was encountered. The panel edge boreholes and one of the
centre boreholes were drilled until total water loss, whilst one of the centre goaf boreholes was drilled to
30m above the seam and stopped due to higher risk of goaf connectivity.

Figure 2: Location of Boreholes over Longwall 10
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DRILLING RESULTS
A summary of the borehole construction and completion for the boreholes aimed to delineate the edge
of the caved zone in included in this section. Boreholes SCT07, SCT08 and SCT10 define the edge of
the caved zone, while Boreholes SCT05 and SCT08 are located in the panel centre.
SCT07
Borehole SCT07 was located 19.6m from the north-eastern panel edge (solid pillar) and was terminated
due to total water loss at 67m depth. The total water loss zone coincided with a high angled fresh fracture
and gas make, indicating intersection with the high strain zone associated with the caving arc. A core
photo of this fracture is presented in Figure 3a.
Packer testing was conducted throughout the borehole. With the installation of a Van Ruth Plug,
geophysical logging was completed. The borehole was grouted on completion of testing and logging.

Figure 3: Fractures at the location of total water loss for three caved zone
delineation boreholes
SCT10
Borehole SCT10 was drilled 31.3m from the north-eastern panel edge and was terminated at a depth of
41.71m due to total water loss. The total water loss zone coincided with a high angled fresh fracture and
gas make, indicating intersection with the high strain zone associated with the caving arc. A core photo
of this fracture is presented in Figure 3b.
Packer testing was conducted throughout the borehole. A Van Ruth Plug was installed allowing for
geophysical logging to be completed. A borehole camera survey was conducted prior to grouting.
SCT09
Borehole SCT09 was drilled 19.6m from the panel edge on the south-western side of the panel and was
terminated at a depth of 71.75m due to total water loss. The total water loss zone coincided with a high
angled fresh fracture and gas make, indicating intersection with the high strain zone associated with the
caving arc. A core photo of this fracture is presented in Figure 3c.
At the completion of drilling a Van Ruth Plug was attempted to temporarily allow water returns to block
any potential connection with the goaf. Due to high levels of gas encountered at the base of the borehole,
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the Van Ruth Plug did not completely block the gas from the hole and neither geophysics nor the
borehole camera could be logged. Three grouting attempts were required to seal the borehole.
SCT08
Borehole SCT08 was drilled over the centreline of Longwall 10. Borehole SCT08 was fully cored to
89.91m where drilling was terminated at this depth due to anticipation of goaf connection and the
potential gas related hazards involved with drilling into the immediate goaf overlying the Woodlands Hill
Seam approximately 30m below. Water loss during drilling was observed at multiple stages throughout
borehole SCT08, however there was enough water return to surface to continue drilling.
At completion of drilling, geophysics tools were run in the hole. A borehole camera survey was
completed prior to grouting the borehole.
SCT05
Borehole SCT05 was drilled over the centreline of the Longwall 10 panel. Borehole SCT05 was drilled
to a total depth of 32.65m. Total water loss occurred at 29.65m with associated gas make. At this location
of total water loss, the borehole was grouted and drilling continued for an additional 3m drill run. Total
water loss occurred throughout this drill run with continued gas make observed at the end of the run.
The drilling was then terminated at 32.65m. The total water loss zones coincided with fractures, likely
intersections with the high strain zones associated with cyclic fracturing from the caving process. The
core from these water loss zones are shown in Figure 4.

Figure 4: Fractures in water loss zone in borehole SCT05
At the completion of drilling, installation of a Van Ruth Plug was attempted. Due to high levels of gas
encountered at the base of the borehole, the Van Ruth Plug did not completely block the gas from the
hole and neither geophysics nor the borehole camera could be logged.
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Borehole SCT05 provided a comparison to Borehole SCT08, displaying the variable nature of fracturing
and conductivity in the centre of the goaf.
FRACTURE NETWORK
The boreholes were geotechnically logged and found minimal mining induced fractures in the strata
above the total water loss zones in the goaf delineation boreholes. A summary of fracture frequency
produced from geotechnical core logging is presented in Figure 5. This includes both natural and mining
induced fractures. The average fracture frequency in the central goaf borehole is approximately double
the fracture frequency for above the caved zone. The average fracture frequency in Borehole SCT05
and SCT08 is 5.04 while the average fracture frequency in Boreholes SCT07, SCT09 and SCT10 is
2.61.

Figure 5: Defects logged per metre
In the goaf boreholes, there is also an increase in fracture frequency below the D Seam horizon (See
Figure 8 for Seam horizons). This is also consistent with site experience where there was no surface to
goaf connectivity observed through long term mine gas monitoring of the closed underground mine.
Geophysical logs of Boreholes SCT07, SCT08 and SCT10 provided for structural interpretation from
optical televiewer (OTV) and acoustic televiewer (ATV) images. Rosette plots of the panel edge holes
(SCT07 and SCT10) showed a northwest strike subparallel to the panel edge (Figure 6). Rosette plots
of the goaf centre Borehole SCT08, show a northeast strike. This northeast strike orientation is
consistent with anticipated mining induced fracture orientation parallel with the longwall face and also
aligns with the strike of local faults mapped at Woodlands Hill Seam level.
The high angled fractures above the caved zone in Boreholes SCT07 and SCT10 are located within the
horizon 0-15m above the caved zone (total depth of borehole). These fractures are likely to be mining
induced fractures based on the location of these fractures and strike parallel with the panel edge.
Extraction of the open cut above Longwall 10 started after the drilling program was completed. A batter
face approximately 65 m to 100 m above the gateroad of Longwall 10 has exposed a number of high
angled joint planes with strikes subparallel to the highwall. These fractures are above the identified
caved zone located between the D and E Seams. These features are not consistent with previous open
cut experience. The high angle dip and orientation of these fractures, together with the inconsistency
with site experience, suggest that these fractures may be mining induced fractures from Longwall 10
extraction.
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Figure 6: Structural rosette plots of interpretated OTV and ATV images for Boreholes SCT07,
SCT08 and SCT10
HYDRAULIC CONDUCTIVITY
Hydraulic conductivity was tested using Lugeon style straddle packer testing at 6m intervals. The
hydraulic conductivity results test results are presented in Figure 7, together with water loss
observations whilst monitoring drilling returns. The range in hydraulic conductivity for the caving
delineation holes (SCT07, SCT09 and SCT10) was in the order of 1x10 -10m/s to 1x10-7m/s. This
increased to 1x10-6m/s in some intervals that included coal seam horizons.
At the total water loss horizons, a minimal hydraulic conductivity of 1x10 -4m/s was estimated from the
maximum pump rate (100L/min) and assuming 10m of water head in the drill string.

Figure 7: Hydraulic conductivity results and water loss observations over Longwall 10
The two goaf boreholes (SCT08 and SCT05) showed significantly varied outcomes. Borehole SCT05
experienced total water loss at 30-32m from surface. Borehole SCT08 was able to be drilled to 90m
depth, 30m above the extracted Woodlands Hill Seam, without total water loss occurring. Hydraulic
conductivity in Borehole SCT08 ranged in the order of 1x10-8m/s to 1x10-6m/s.
The total water loss in Boreholes SCT07, SCT09 and SCT10 indicate intersection of the high strain zone
associated with the edge of the cave zone. The water loss trends in Borehole SCT05 suggests the
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borehole intersected a cyclic high strain zone that forms during the dynamic retreat process. The
increase in water loss in the run above the total water loss zone in Borehole SCT05 is comparable to
the experience in Borehole SCT10 above the water loss zone of the caving arc. The low conductivity in
Borehole SCT08 suggests that it may not have intersected a high strain cyclic caving zone, or if it did, it
may have been at depth and the aperture reduced by goaf confinement.
The hydraulic conductivity of fractures above the high strain zone are in the order of 1x10-10m/s to 1x107m/s. This indicates that mining induced fractures that may occur above the high strain zone, are less
conductive than fractures in the high strain zone.
CAVED ZONE DEFINITION
The edge of the caved zone was defined by the high strain zone inferred by total water loss and the
intersection of one or more high angled fractures. Figure 8 shows a cross section of the caved zone
inferred from the water loss zones and the intersected high angled fractures.

Figure 8: Longwall 10 panel cross section showing edge of caved zone
interpreted from borehole drilling
The location of water loss at the base of the boreholes depicts the caving angle from the pillar ribs up
to the first boreholes 50-60m above the seam. On the up dip panel edge, the caving angle is interpreted
to be 21 degrees between the pillar rib and the total water loss at the base of borehole SCT07. Between
SCT07 and SCT10, the caving angle between the water loss zones at the base of each borehole
increases to 25 degrees, indicating the arc shape of the caved zone. On the down dip side of the longwall
panel, the angle between the pillar rib and the water loss zone at the base of Borehole SCT09 is 19
degrees.
The interpreted caving angle is the high strain zone at the edge of the goaf. This does not necessarily
correspond with the extent of mining induced fracturing, nor does it correspond with the abutment angle
(which the latter is a calculated angle based on pillar load). This angle defines the edge of high strain
caving fractures with high connectivity for Longwall 10.
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The interpreted caving angle is the high strain zone at the edge of the goaf. This does not necessarily
correspond with the extent of mining induced fracturing, nor does it correspond with the abutment angle
(which the latter is a calculated angle based on pillar load). This angle defines the edge of high strain
caving fractures with high connectivity for Longwall 10.
If the caved zone arch was to continue in the same shape as drawn in Figure 8, it would create a height
of caving of approximately 160 m (or 0.9 x panel width). This supports the supercritical geometry of this
longwall panel and is also consistent with the zone of large downward displacement measurement to
be 1.0-1.1 times panel width at Clarence Colliery (Mills and O’Grady, 1998) which has later been
summarised at approximately 1 times panel width in Mills (2012).
SUBSIDENCE
The United Longwall 10 subsidence survey Line 10T closely matches the location of the borehole
section line across Longwall 10. A comparison of the defined caved zone and the subsidence survey
data is presented in Figure 9. The caved zone extrapolation corresponds with the transition between
the tensile and compressive surface strains on the up dip side of the panel and the compressive zone
on the down dip side of the panel. This is a noteworthy observation as the surface panel edge tensile
cracks that are often observed above longwall panels are located in the tensile zone, which is outside
the caved zone. This indicates that panel edge surface tensile cracks may not be directly connected to
the caved zone high strain fractures due to their location outside of the caved zone.

Figure 9: Surface subsidence data and comparison to defined caved zone
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CONCLUSIONS
United Wambo Joint Venture successfully conducted a goaf drilling program to define the caved zone
above Longwall 10. Three of the five boreholes defined the edge of caving, while two boreholes
characterised the centre of the goaf. The location of the caved zone was depicted from a combination
of total water loss during drilling that coincided with a subvertical fracture at the location of total water
loss.
The boreholes showed the caving angle from the pillar ribs up to the first boreholes 50-60m above the
seam is 21 degrees on the up dip side and 19 degrees on the down dip side of the panel. An additional
borehole drilled 10m towards the goaf centre on the up dip side showed a caving angle increase to 25
degrees from the adjacent borehole, indicating the arc shape of the caved zone.
This caving angle information can inform assessments for hydraulic/gas connectivity and geotechnical
engineering applications such as multi-seam overmining or opencut/underground interaction.
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MODELLING AND OPERATIONAL MANAGEMENT
OF THE DAWSON PIT 6-8 LOWWALL INSTABILITY
Matthew Tsang1, Leonie Bradfield2, Jafnie Muhsin3, Ian Colbourne4,
Shuaibu Bun-Seisay5, Hannah Kelly6 and Gift Makusha7
ABSTRACT: A case study of a deep-seated spoil lowwall instability controlled by a classical activepassive wedge mechanism at Anglo American Metallurgical Coal’s Dawson Mine is presented.
Following a truck dump extension, widespread displacements were identified during conventional single
forward pass de-coaling of Pit 6-8 strip E15. New through-spoil drilling, downhole geophysical logging,
and XRD analysis identified a moisture-sensitive tuffaceous claystone unit containing a high proportion
of medium-high swelling, mixed-layer illite-smectite clays 11-12 m below the lowwall floor. A novel soil
mechanics approach was used to determine the mechanical properties of the tuffaceous claystone for
which conventional rock mechanics tests could not be applied. Three-dimensional numerical modelling
was then undertaken in FLAC3D to: a) validate the characterised mechanical properties; b) determine
appropriate buttress slot widths for retreat mining of strip E16; and c) provide a validated base case for
the predictive modelling and design of future strips. Operational controls for mining of strip E16 included:
surface monitoring (radar, LiDAR); subsurface monitoring (TDR, VWPs); and an adaptive mine plan
following the Observational Method. The TDR confirmed that the tuffaceous claystone unit at 11-12 m
depth was acting as the sole basal horizon controlling the instability and mining of strip E16 was
completed safely without coal sterilisation.
INTRODUCTION
Slope instability has potentially serious consequences if uncontrolled. In open cut coal mining, spoil
lowwall instabilities are often active-passive wedge mechanisms in which the self-weight of an up-dip
active spoil wedge drives a down-dip passive wedge along a weak basal unit below the coal seam floor
(Figure 1). Due to the typically high degree of continuity of the weak basal floor units, the extents of
such instabilities can be large and involving potentially millions of cubic metres of spoil. This is often
further exacerbated by the encroachment of advancing truck dumps beyond the limits of stability, which
are generally unknown until they begin to manifest as tension cracks in the slope. At this point,
strains/displacements are plastic and irrecoverable and it is therefore too late to modify the slope design
to eliminate the instability. Further operation in the vicinity of the unstable slope is then contingent on
engineering and administrative controls which are less effective and inevitably reduce production rates.
While modern technologies such as slope stability radars and unmanned aerial vehicles have greatly
reduced safety incidents related to spoil lowwall instability, the economic consequences have remained
largely unchanged. Proactive identification of potential instability mechanisms via geotechnical
investigation, rock mass characterisation, and slope stability analysis at the design stage is therefore
the only effective way to mitigate the economic consequences of spoil lowwall instabilities. This paper
presents a recent example of a large spoil lowwall instability at Anglo American Metallurgical Coal’s
(AAMC) Dawson Mine in which three-dimensional numerical modelling and operational controls were
successfully employed to enable safe mining without coal sterilisation.
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Figure 1: General lowwall active-passive wedge failure mechanism (modified from Simmons
and McManus, 2004)
GEOLOGY
Stratigraphy
Dawson Mine is located in the Bowen Basin, approximately 200 km south-west of Gladstone,
Queensland, on the eastern limb of the Mimosa Syncline. The project targets five coal seams (A, B, C,
D, E in order of geological age from youngest to oldest) belonging to the late Permian-aged Baralaba
Coal Measures (BCM, Figure 2). The seams dip broadly to the west at around 10° with several splits
and coalescences. Interburden lithologies are predominantly alluvial floodplain facies consisting of lithofelspathic sandstone, siltstone, coal, and tuff (Leisemann et al., 1992). Underlying the BCM is the
Kaloola Member (KM), which is characterised by abundant tuffs and thin, tuffaceous, non-economic
coals interbedded with deltaic and prodeltaic siltstones and sandstones. The Kaloola Tuff, which is a
stratigraphic marker horizon equivalent to the Yarrabee Tuff elsewhere in the Bowen Basin, is typically
located within the E seam floor at a variable depth (Gonano, 1980).

Figure 2: Stratigraphic supersequences and lithostratigraphic units in the Bowen Basin
(modified from Sliwa and Esterle, 2015)
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Structure
The main regional structures in the Dawson Mine area are NNW-trending, thin-skinned, low-angle
thrusts representing the southern part of the Jellinbah Thrust Belt, albeit with diminished complexity and
severity (Sliwa et al., 2008). A subordinate minor thrust system varying in strike from WNW to EW is
also present and is possibly the result of reactivation of basement fault systems during compressional
tectonism. Minor EW normal faults are also observed but tend to lack lateral continuity. Large crossbedding structures are frequently encountered due to channel deposition and lateral migration
discordant to seam structure. Other structures typical of a compressive tectonic environment and
present in the Dawson Mine area include bedding plane shears, low-angle reverse faults, and thrust
ramps with minor seam displacement. Locally within the pit 6-8 area, faults are NW-to-NNW trending
thrusts.
STRIP E15 SLOPE PERFORMANCE
Following a truck dump extension, baseline linear creep of up to 2 mm/day was first detected in June
2018 in the strip E14 lowwall batter and spoil peaks from a routine comparison of monthly LiDAR survey
scans (Figure 3). The truck dump extension consisted of a significant volume of waste material from
double-strip mining of strips C15 and C16 and occurred prior to mining of strip E15 (Figure 4). Although
tension cracks were not evident during initial inspections, over time they developed up to 800 m behind
the lowwall toe and 1 km along strike, from the midpoint of the pit to the northern endwall. The pit then
remained inactive with a buttress in place in the strip E14 void for the next 18 months, with mining of
strip E15 commencing in February 2020 as a conventional single forward pass without backfilling. As
de-coaling progressed and a greater strike length of slope was exposed, the rate of creep measured by
radar monitoring gradually increased to an average of 2 mm/hr. Throughout mining of strip E15, multiple
minor stress relief events of approximately 50 to 100 m strike length and 20 to 25 m height were
observed in the lowwall batter with associated floor heave up to 5 m from the slope toe. Following floor
disruption blasting of the E15 void, the lowwall displacement rate increased to a peak of 4 mm/hr but
within 24 hours had regressed to the pre-blast rate of 2 mm/hr. The E15 void was then backfilled to
preserve integrity of the lowwall while further analysis was undertaken for mining of E16.

Figure 3: Proximity of strip C15-C16 truck dump extension to the 2nd dragline spoil peak limit
and lowwall displacement magnitudes in the strip E14 lowwall
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Figure 4: Configuration of Pit 6-8 strip 13-15 lowwall showing significant volume of additional
spoil emplacement in strip 15 truck dump extension
ROCK MASS CHARACTERISATION
Additional Drilling
Interrogation of the Dawson exploration database revealed that geotechnical drilling data within the old
Pit 6-8 lowwall footprint were sparse, with no geotechnical boreholes directly intercepting the region of
instability found. This lack of data is believed to be related to several changes in mine ownership since
it was established as Moura Mine in the 1960s and a recent lack of activity in Pit 6-8 while operations
focused on the northern Terrace Pit. Slope stability analyses for strips E13 to E15 had assumed that
any potential global slope instability mechanism would be controlled by a basal unit within the first 2 m
of the E seam floor which had previously been logged as tuffaceous. However, these analyses had
typically predicted Factors of Safety (FOS) in the range of 1.2 to 1.9 for various lowwall and truck dump
configurations. This assumption was therefore brought into question following the instability in strip E15.
Recognising that an unknown weak horizon in the E seam floor was potentially a contributing factor to
the lowwall instability, site management approved the drilling of two new cored geotechnical boreholes
to at least 20 m below the E seam floor:



One through the spoil within the extents of the instability; and
One in-pit, downdip of the lowwall toe.

Both boreholes were geophysically logged with the standard suite of tools, including: natural gamma,
density, sonic velocity, and acoustic scanner. Competent rock core samples were sent for standard
laboratory testing, including: Uniaxial Compressive Strength (UCS), Multi-stage Triaxial Compressive
Strength (MTCS), Brazilian Tensile Strength (BTS), Direct Shear Strength (DSS), and Slake Durability
(SD). Of particular interest was an approximately 300 mm thick, moisture-sensitive unit at a depth of
11.2 m below the E seam floor which had been logged as tuffaceous sandstone (Figure 5). The poor
integrity of the specimen did not facilitate conventional rock mechanics tests and a novel soil mechanics
approach was instead used to infer its shear strength properties. This involved X-Ray Diffraction (XRD)
analysis to quantify the mineralogy coupled with Atterberg Limit (AL) tests to qualify the plasticity
behaviour. In addition to the acquisition of geophysical logs and core samples for laboratory testing,
both boreholes also served as instrumentation locations for monitoring of the rock mass and
groundwater response to mining of strip E16. Arrays of Vibrating Wire Piezometers (VWPs) were
installed in both boreholes to monitor groundwater pressures while a Time Domain Reflectometer (TDR)
was installed in the spoil borehole to detect deep-seated shear displacements and confirm the horizon
of the weak basal unit controlling the instability in response to mining.
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Figure 5: Weak unit at a depth of 11.2 m below the E seam floor
Geophysics
A comparison of geophysical traces from the through-spoil borehole is shown in Figure 6 with the
following observations:
 A significant calliper deviation of up to 200 mm at the horizon coinciding with the weak unit observed
in the drill core.
 A slight reduction in density and a slight increase in natural gamma at the weak unit horizon.
 The spoil borehole intersected the footprint of a previous floor disruption blast with the base of the
blast influence zone coinciding with the top of the weak unit.
 The sonic velocity measurements appear to be erroneous at the weak unit horizon, possibly
indicating blast-induced dilation.
 The rock mass below the weak unit is generally more competent, albeit with some isolated natural
gamma spikes warranting further analysis.

Figure 6: Comparison of geophysical traces from the spoil borehole within the extents of the
instability showing a significant calliper deviation at the horizon of the weak unit
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Laboratory Test Results
A comparison of UCS test results for the E seam floor and general Dawson overburden is presented in
Figure 7 by rock type and shows a strength reversal wherein sandstones are weaker than siltstones in
the KM in the E seam floor but stronger above in the BCM. Reduced sandstone strengths are often
related to a coarsening of the grain size but the E floor sandstones were all logged as very fine- to finegrained. The problem was therefore inferred to be related to specific mineralogy and moisture sensitivity
of KM sandstones that had not been previously encountered in the overlying BCM.

Figure 7: Comparison of the uniaxial compressive strength of the E seam floor and general
Dawson overburden showing a reversal in the trend of sandstone and siltstone strengths
XRD and AL tests, which are not part of routine rock mass characterisation in the Australian coal mining
industry, revealed:
 A unit within the first 2 m of the E seam floor that had historically been logged as a tuff was
mineralogically a competent, quartzose sandstone and was unlikely to be the basal horizon
controlling the large-scale instability as had been assumed in earlier design analyses.
 The moisture-sensitive weak unit at 11.2 m depth was comprised of a high proportion of tuffaceous,
mixed layer illite-smectite swelling clays exhibiting high plasticity, and the lithology was therefore
tuffaceous claystone, not tuffaceous sandstone as had originally been logged.
A summary of the E floor mineralogical composition determined by XRD analysis is provided in Table
1. A Casagrande chart developed from the AL test results is presented in Figure 8 and shows that the
tuffaceous claystone at 11.2 m depth was the most plastic sample of those tested. Similarly high
plasticity horizons were also observed at depths of 5.5 m, 7.6 m, 9.9 m, 12.7 m, and 21.8 to 21.9 m,
though these horizons were not as thick and did not correspond to caliper deviations. SD testing
confirmed the high moisture sensitivity of the tuffaceous claystone unit at 11.2 m depth with a first cycle
durability index of 2.2% and a second cycle durability index of 0.1%. A summary of SD durability indices
by depth and rock type is provided in Table 2 and shows additional horizons of moderate-to-high
moisture sensitivity siltstones at depths of 12.7 m and 21.8 m.
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Table 1: Summary of mineralogical composition of E seam floor determined by X-Ray Diffraction analysis
Depth
below E
Seam Floor
(m)
0.20
0.20
0.25
0.25
0.25
1.00
1.00
1.10
1.40
1.70
2.70
3.80
5.50
6.40
7.60
8.30
8.60
9.90
11.20
12.30
12.70
21.80
21.90
22.60
23.20
25.30
26.00
28.20

Logged
Lithology

Quartz
(% weight)

Tuff
Tuff
Tuff
Tuff
Tuff
Tuff
Tuff
Tuff
Tuff
Tuff
Tuff
Tuff
Tuff
Carb.
Siltstone
Tuff
Siltstone
Sandstone
Sandstone
Tuffaceous
Sandstone
Tuff
Siltstone
Siltstone
Tuff
Tuff
Tuff
Carb.
Siltstone
Tuff
Sandstone

59.5
36.2
67.8
59.4
53.8
50.3
36.5
41.0
44.0
40.0
45.0
9.0
23.0

Chlorite
(% weight)

Calcite
(% weight)

Calcite,
Magnesian
(% weight)

11.3
17.0
13.0
20.0
14.0
8.0
17.0
4.0

14.0

51.0

2.0

29.0
4.0
16.0
6.0

3.0
2.0
4.0
22.0

11.0
2.0
1.0

40.0
31.0
29.0
55.0

6.0

10.0

7.0

63.0

1.0
3.0

6.0
14.0
7.0
4.0

6.0
4.0
58.0
3.0
4.0
3.0

45.0
60.0
11.0
52.0
34.0
4.0

2.8
6.2

2.5

1.6
4.6
11.4
2.3
2.0
5.0

3.0
6.0
trace
5.0

32.0

1.0

17.0
57.0
50.0
11.0

2.0
trace
6.0

1.0

13.0

35.0
8.0
23.0
23.0
30.0
1.0

7.0
10.0
1.0
3.0
3.0
1.0

2.0
trace
trace

1.0
trace
trace
6.0
68.0

19.0
25.0
31.0

9.5
8.4
10.7
1.6
17.0
5.0
3.0
30.0
2.0
trace

Mixed
Layer IlliteSmectite
(% weight)
23.0
45.0
7.0
10.0
9.0
15.0
44.0
20.0
20.0
26.0
9.0
44.0
41.0

Muscovite
(% weight)

1.0
2.0

2.0

7.0
7.0
14.0
2.0
28.0
27.0

15.0
23.0
trace

Plagioclase
Feldspar
(% weight)

Potassium
Feldspar
(% weight)

4.1
2.2

3.7
9.9

Illite
(% weight)

10.0
13.9
11.8

22.0

4.0

10.0

45.0

13.0
1.0

2.0
22.0

21.0
21.0

38.0
21.0

Kaolinite
(% weight)

Amorphous
(% weight)

2.8

3.7
0.2
6.7
3.2
5.6
8.2
0.6

6.6

23.0
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Figure 8: Casagrande plasticity chart by rock type with callout labels showing the depth of the
sample below the E seam floor
Table 2: Summary of Slake Durability test results
Depth below E Seam
Floor (m)
1.1
1.4
8.3
8.6

Logged Lithology

Durability Index,
First Cycle (%)
99.5
99.1
98.3
97.7

Durability Index,
Second Cycle (%)
99.2
98.8
97.4
96.4

2.2

0.1

46.0
31.2

26.1
17.7

Tuff
Tuff
Siltstone
Sandstone
Tuffaceous
11.2
Sandstone*
12.7
Siltstone
21.8
Siltstone
*Revealed by XRD mineralogical analysis to be tuffaceous claystone.

Of the 13 total MTCS tests, only 3 returned valid Hoek-Brown constants, ci and mi, using the method
of Hoek and Brown (1997). All laboratory test reports were subjected to internal quality control and the
cause of the low success rate is not believed to be related to human or instrumentation error. Rather, it
is believed to be an intrinsic limitation of the multi-stage method in which a single specimen is subjected
to multiple load stages with the transition point between each stage manually identified by the technician
from fluctuations in the load readout. These fluctuations relate to microfracture events representing new
damage beyond the crack initiation stress (plasticity), and it is therefore inevitable that each successive
stage will be loading the specimen with respect to a higher initial fracture intensity and thus lower
achievable peak stress. Further, except for the final stage, the technician must stop each test stage prior
to peak stress or else successive stages would be testing the specimen with respect to residual strength.
The “peak” stresses measured in all stages prior to the final stage therefore lie somewhere between the
crack initiation stress, which has been shown empirically to be 42-47% of peak stress (Brace et al.,
1966; Nicksiar and Martin, 2013), and the achievable peak stress for the particular initial fracture
intensity. This is a large stress range over which the technician may choose to transition the stage and
the reliability of any Hoek-Brown constants derived from MTCS testing is therefore highly questionable.
As an alternative means of estimating m i, the relationship with the compressive-tensile strength ratio,
c/|t|, proposed by Hoek and Brown (2019) was used (Eq. 1). A correlation between compressive and
tensile strengths measured from UCS and BTS tests respectively is presented in Figure 9 and shows a
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best-fit compressive-tensile strength ratio, c/|t|, of 8.6. This is slightly lower than the generic value of
10 that is often assumed. The equivalent uniaxial tensile strength, |t|, in each case was obtained by
multiplying the indirect Brazilian tensile strength by a factor of 0.7 after Perras and Diederichs (2014).
An empirical mi was then calculated locally for each c/|t| and the results are summarised in Table 3
alongside those measured from MTCS tests. In general, the empirically-derived mi values tend to be
lower than the measured values with averages of 9.7 and 11.9 respectively, though it is noted that the
sample sizes were small (empirical n = 6; measured n = 3).
c ⁄|t | =0.81mi + 7

(1)

Figure 9: Relationship between c and |t| by rock type for the E seam floor
Table 3: Summary of measured and empirical Hoek-Brown constants for the E seam floor
Depth below E
Seam Floor (m)

Logged Lithology

5.30
Tuff
13.78
Siltstone
16.17
Sandstone
19.43
Sandstone
22.16
Siltstone
25.62
Siltstone
35.10
Sandstone
39.01
Sandstone
39.20
Sandstone
*Empirical values estimated from relationship with

Data Type*

CompressiveTensile Strength
Ratio, c/|t|

Hoek Brown yintercept constant,
ci (MPa)
22.4

Measured
Empirical
19.3
Empirical
18.6
Empirical
13.0
Empirical
13.2
Empirical
12.3
Measured
Empirical
12.6
Measured
c/|t| proposed by Hoek and Brown (2019).

35.5
58.0

Hoek-Brown
shape constant, mi
8.7
15.2
14.3
7.4
7.6
6.5
9.6
6.9
17.4

A secant modulus ratio of 304 was found from a cross-plot of the secant Young’s moduli, Ei,secant, and
peak compressive stresses, c, measured from UCS tests (Figure 10). Average secant Poisson’s ratios,
i,secant, of 0.24, 0.20, and 0.11 were found for sandstones, siltstones, and tuffs respectively. No
relationship between Poisson’s ratio and any other variable was identified.
DSS test results were overall inconclusive as they were biased towards stronger samples without
significant surficial infilling and returned typical planar-rough Mohr-Coulomb friction angles of around
30°. The lack of representative DSS tests for the weak surfaces that were observed in the drill core was
borne in mind during the rock mass characterisation process and engineering judgment was applied.
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A summary of representative laboratory properties by rock type is provided in Table 4. Where the sample
size was sufficient (n >20), median values were used to control for the influence of outliers which tend
to skew c and Ei,secant toward the upper bound, else mean values were used. For rock types with no
data, general Dawson overburden values were adopted. Due to the influence of small-scale fractures
(cleat), laboratory-scale coal is much closer to the representative elementary volume (REV) than other
rock types and laboratory-measured values are not directly representative of intact properties. Instead,
generic intact coal properties were adopted from Medhurst and Brown (1998).

Figure 10: Cross-plot of the secant Young’s modulus and UCS for the E seam floor showing a
general secant modulus ratio of 304
Table 4: Summary of representative laboratory properties by rock type inferred from targeted
testing of the E seam floor
I,secant

mi

3.2
5.0
7.8
5.3
2.6

Ei,secant
(GPa)*
13.7
23.4
22.7
12.8
6.4

0.24
0.21
0.11
0.26
0.26

11.1
9.8
8.7
8.0
8.0

24.0

3.0

7.3

0.21

8.0

21.0

2.6

6.4

0.26

8.0

108.0

4.2

32.8

0.15

26.0

32.7

4.1

9.9

0.30

15.6

Rock Type

c (MPa)

|t| (MPa)

Sandstone
Siltstone
Tuff
Mudstone
Claystone
Carb.
Siltstone
Carb.
Mudstone
Conglomerate

45.2
76.7
74.6
42.0
21.0

Coal

Comment
Direct outputs from targeted E
seam floor testing program.
No data – adopted general
Dawson overburden properties.

Properties for dull coal
representative of intact coal (after
Medhurst and Brown, 1998).

*Calculated from representative c and generic secant modulus ratio of 304 Pa/Pa.

Rock Mass Downgrading
The mechanical properties of rock mass units (RMUs) below the tuffaceous claystone unit at 11.2 m
depth were derived using an internal AAMC downgrading method (Figure 11) based on the Generalised
Hoek-Brown failure criterion (Hoek et al., 2002) and the quantified Geological Strength Index (GSI)
classification system (Hoek et al., 2013). Application of the Hoek-Brown-GSI system is predicated on
the assumption of isotropic and homogeneous rock mass conditions and therefore has some inherent
limitations for anisotropic and heterogeneous coal measure rock masses. It is also independent of scale
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and requires the practitioner to ensure that appropriate consideration is given to the REV of the particular
rock mass and whether any transitional materials are present (Carvalho et al., 2007; Carter et al., 2008).
However, it is the only system that provides a practicable link to mechanical properties for use in
numerical models. To overcome the intrinsic limitations of the basic Hoek-Brown-GSI system, the AAMC
downgrading method includes additional engineering judgment-based downgrading factors for intact
rock scale, anisotropy, and moisture sensitivity effects.
The characterised E seam floor RMUs and their associated mechanical properties are summarised in
Table 5. As approximately the first 11-12 m of the spoil drillhole below the E seam floor intercepted the
zone of influence of a previous floor disruption blast, generic Bowen Basin Mohr-Coulomb properties
after Simmons (2020) were adopted in numerical models down to the roof of the tuffaceous claystone
at 11.2 m depth. Despite this limitation, numerical models based on the characterised RMUs were able
to accurately reproduce displacements measured in the field by radar monitoring, enabling:
 Prediction of displacement rates for the higher risk section of strip E16 within the extents of the
tension cracks observed in strip E15.
 The use of an adaptive buttress retreat mining method with slope performance in earlier stages
dictating maximum slot widths in later stages.

Figure 11: AAMC rock mass downgrading process based on the Generalised Hoek-Brown
failure criterion and the quantified GSI
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Table 5: Summary of characterised RMUs with downgraded mechanical properties
RMU
#
1
2
3

4

5

6

7

8

Lithologies
Generic fresh noncoal*
Tuffaceous Claystone
Siltstone (49%)
Mudstone (40%)
Sandstone (10%)
Tuff (1%)
Tuff (62%)
Sandstone (30%)
Siltstone (8%)
Mudstone (40%)
Carb. Siltstone (26%)
Coal (13%)
Siltstone (12%)
Tuff (7%)
Core Loss (2%)
Siltstone (58%)
Sandstone (23%)
Mudstone (16%)
Coal (1%)
Tuff (1%)
Carb. Siltstone (1%)
Coal (62%)
Tuff (12%)
Siltstone (9%)
Carb. Siltstone (7%)
Sandstone (3%)
Carb. Mudstone (3%)
Mudstone (1%)
Claystone (1%)
Core Loss (1%)
Sandstone (96%)
Conglomerate (3%)
Siltstone (1%)

Depth
below E
Floor
From (m)

Depth
below E
Floor To
(m)

0

11.20

11.20

11.53

11.53

14.89

70

0

47.98

9.02

14.58

4.19

0.0357

14.89

18.37

70

0

52.77

9.92

15.59

3.90

18.37

20.64

45

0

35.21

1.40

5.08

20.64

33.06

70

0

50.70

9.48

33.06

37.06

49

0

38.43

37.06

50.00

70

0

37.91

Constitutive
Model

Generalised Hoek-Brown Properties
GSI

D

ci
(MPa)^

c
(MPa)

|tm|
(kPa)

Em
(GPa)#

 m&

N/A

45

2.5

0.25

450

42

N/A

0

0.10

0.28

0

12

0.5014

204

10.44

0.22

N/A

0.0357

0.5014

241

10.43

0.22

N/A

1.40

0.0022

0.5274

28

2.40

0.25

N/A

16.07

4.70

0.0357

0.5029

192

10.24

0.22

N/A

1.30

5.44

2.25

0.0035

0.5978

30

3.23

0.25

N/A

7.13

12.30

4.92

0.0357

0.5014

137

7.52

0.22

N/A

MohrCoulomb

HoekBrown

cm
(MPa)

Mohr-Coulomb
Properties
c

(kPa)
(°)

mb

s

a

*After Simmons (2020).
^The intact Hoek-Brown constant, ci, is reported alongside the downgraded rock mass mechanical properties as it is required as an input to FLAC3D.
#
Rock mass Young’s modulus downgraded according to Hoek and Diederichs (2006).
&
Rock mass Poisson’s ratio adjusted according to formula (Clark, pers. comm.): m = 0.32-0.0015GSI.
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NUMERICAL MODELS
Approach
A series of numerical models were undertaken to:
 Predict likely displacement magnitudes and extents with respect to the as-designed strip E16 slope
geometry; and
 Recommend slot widths for a buttress retreat mining sequence to find an optimal balance between
safety and economics.
Conventional limit equilibrium methods that are commonly used in the Australian coal mining industry
for lowwall design were not suitable as they do not consider deformability properties and are restricted
to 2D. Instead, Itasca Consulting Group’s FLAC3D continuum numerical modelling code was identified
as a more appropriate tool. AAMC has recently acquired internal FLAC3D capabilities and the models
were therefore developed in-house. An advantage of in-house development is the ability to re-run
models as new data are acquired without incurring additional consulting fees. This enabled an
incremental approach to modelling wherein they were incrementally improved throughout the mining
process.
Preliminary Mechanistic Models
In accordance with the modelling philosophy advocated by Starfield and Cundall (1988) and illustrated
in Figure 12, the models were initially developed primarily as mechanistic models to firstly identify the
likely extents of relative displacement magnitudes. Spoil was treated as a category 2.5 material within
the generic spoil framework proposed by Simmons and McManus (2004). A generic Young’s modulus
of 30 MPa and Poisson’s ratio of 0.3 were used for all spoil. The development of displacements with
respect to the base case with fixed 100 m slot widths are shown in Figure 13. Practically, these results
were interpreted to mean that:





The slope was inherently unstable and likely to express large-scale displacements irrespective
of the chosen slot width.
Despite common treatment of lowwall stability as an idealised 2D problem, in this case the
instability was one large, interconnected 3D system controlled by the weak floor horizon, with
excavation in the southern end of the pit affecting the northern half of the slope more than 1 km
away.
A risk-dependent variable slot width, where risk is proportional to the location and extents of
elevated displacement magnitudes, could be used to:
a) Control local bench-scale instabilities; and
b) Arrest the rate of displacement.

Figure 12: Spectrum of modelling scenarios showing the recommended modelling approach
with respect to the quality of data inputs. Modified from Itasca Consulting Group (2020)
Adaptive Mining Sequence
A sensitivity analysis of fixed buttress slot widths of 50 m and 200 m led to the development of the initial
mining sequence shown in Figure 14. Given the relatively low initial confidence in the model results, an
adaptive approach based on the Observational Method (Terzaghi, 1943; Peck, 1969; Fairhurst, 2017)
was recommended wherein observations in earlier slots could be used to adjust later slot widths. A
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400 m wide initial slot was therefore recommended from CH0 to CH400 where displacements were
anticipated to be at a minimum. The slot width then reduced to a nominal 200 m as the retreat
approached the critical CH1000 transition point. Directly within the elevated risk area from CH1000 to
CH1900, slot widths reduced to a nominal 100 m.

Figure 13: Evolution of displacements in the strip E16 preliminary mechanistic model

Figure 14: Initial mining sequence recommended based on preliminary mechanistic models

University of Wollongong, University of Southern Queensland, February 2022

88

2022 Resource Operators Conference (ROC 2022)

During de-coaling of slot 1 from CH0 to CH400, increases in the dimensionless TDR reflection
coefficient, which can be assumed proportional to displacement, were observed at a depth of 11-12 m
below the E seam floor, coinciding with the tuffaceous claystone unit (Figure 15). While this would
normally be surprising given that the TDR was installed at CH1200, the observation was consistent with
the numerical model and highlights that lowwall active-passive wedge mechanisms are in fact 3D
problems despite their common treatment as idealised 2D sections. However, unlike the numerical
models, the subsurface displacements did not initially manifest as surficial displacements that could be
detected by radar monitoring. This was taken to indicate that the numerical model deformability inputs
were conservative, which was acceptable given that it was at this stage a preliminary mechanistic model
rather than a necessarily predictive one. An alternative hypothesis was that the TDR had intersected
the updip active wedge but the resultant driving force was not yet sufficient to mobilise the downdip
passive wedge at displacement rates detectable by radar, but this could not be conclusively proven.

Figure 15: Sub-surface shear displacements measured by a TDR installed in the Pit 6-8 E16
lowwall at CH1200 showing a basal instability horizon 11-12 m below the E seam floor
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As mining progressed further north, the rate of absolute change in the TDR reflection coefficient, |∆TDR|,
continued to increase until the TDR cable was rendered inoperable shortly after de-coaling from CH400
to CH1000 (Figure 16). However, it had served its purpose as it identified the 12 m horizon as the sole
basal unit controlling the instability. As radar-measured displacement rates were overall regressive
(Broadbent and Zavodni, 1982) and the extents were broadly consistent with those predicted by the
numerical models, confidence was gained in the slope performance and the likelihood of a sudden
collapse was considered low. The actual slot widths beyond CH1000 were therefore increased to 200 m
from the 100 m in the initial mining sequence in Figure 14. Displacement modes remained regressive
and strip E16 was completed safely without coal sterilisation.

Figure 16: TDR and radar displacements at CH1200
Reconciliation
Following completion of mining and monitoring in strip E16, a reconciliation process was undertaken to
close the design loop and provide a validated model for use as a predictive tool in future strips. In
particular, the spoil Young’s modulus was modified until the modelled displacement magnitudes and
extents were consistent with TDR and radar measurements, with final moduli of 100 MPa for the more
consolidated old spoil prior to strip E16 and 40 MPa for the freshly emplaced spoil in strip E16. Crosssections of pertinent model outputs at the critical CH1200 are presented in Figure 17 and demonstrate
the consistency between the model results and the field observations, including:
 Extents of displacement magnitude contours consistent with the extents of tension cracks observed
in the field.
 Vertical velocity contours showing the downward movement of the updip active wedge driving the
overall mechanism with back- and mid-scarps of 63° and 52° respectively.
 Maximum shear strain increment contours showing mobilisation of the instability along the weak
basal horizon 11-12 m below the E seam floor.
 Local factor of safety (FOS) contours showing the variation of the internal stability state throughout
the slope. Note that the local FOS for each zone was taken as the minimum of the local tensile and
compressive FOS.
A comparison of the reconciled displacement-time curves measured by radar and predicted by the
numerical model is provided in Figure 18. As the numerical timestep in FLAC3D is not automatically
calibrated to real time, the time scale of the numerical displacement-time curve had to be adjusted to
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match the radar curve, resulting in a conversion factor of 0.32 hours/step. As per the modelling approach
previously outlined in Figure 12, the set of numerical model data inputs is now considered close enough
to “complete” to justify the use of the model as a predictive tool to inform Trigger Action Response Plan
(TARP) thresholds in future strips.

Figure 17: Cross-section of FLAC3D models at CH1200: a) displacement magnitude contours;
b) vertical velocity contours; c) maximum shear strain increment contours; and d) local zone
FOS contours

Figure 18: Reconciled displacement-time curves predicted by the numerical model and
measured by radar for strip E16
DISCUSSION
Sampling and testing horizons
Prior to the Pit 6-8 lowwall instability, AAMC standards required drilling to a depth of only 3 m below the
target seam floor, which is a common depth for active-passive wedge lowwall instability mechanisms in
the Bowen Basin. Evidently, this depth was insufficient for the Pit 6-8 case in which the basal horizon
controlling the instability was proven by subsurface TDR monitoring to be 11-12 m below the E seam
floor, coinciding with a moisture-sensitive tuffaceous claystone comprised of a high proportion of mixed
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layer illite-smectite swelling clays. The key factor in the Pit 6-8 lowwall instability was therefore an
unknown critically weak basal horizon at the design stage. The standard drilling depth has since been
updated to a minimum of 20 m below the target seam floor for all geotechnical boreholes.
Proactive identification of problematic clays
Non-routine soil mechanics tests were critical to inferring the mechanical properties of the weak
tuffaceous claystone that acted as the basal horizon for the Pit 6-8 lowwall instability. In this instance,
drilling was conducted post-mining when there had been a high degree of remoulding and water
exposure and the problematic unit was therefore obvious. However, this will not always be the case as
moisture-sensitive units may not be apparent if not yet exposed to water. New technologies that would
enable the rapid, cost-effective, and proactive identification of problematic clay minerals before the
design stage would therefore be most welcome. The technologies would ideally provide a continuous
log of mineralogical composition by depth as opposed to the discrete nature of XRD and SD testing
which require targeted point sampling by a human. Previous ACARP-funded research (Fraser et al.,
2006) applied a hyperspectral core scanning technique to Bowen Basin and Hunter Valley coal and
overburden materials but the researchers noted challenges in separating mixed-layer illite-smectites
from other clay types. Sullivan (2011) compared the hyperspectral technique with conventional XRD
analysis for the Alpha Coal Project in the Galilee Basin and reached similar conclusions to Fraser, but
also suggested that XRD analysis may underestimate the mixed-layer illite-smectite content with some
proportion being unidentified in the residual “amorphous” category. More recent ACARP-funded
research (Manlapig et al., 2018) combined hyperspectral imaging technology with computed
tomographic scanning for coal quality analysis and recommended future upscaling to a high-resolution
wireline technique. Clearly, there has been industry appetite for such technologies in the past and future
investment is encouraged given the significant risk of surprise instabilities associated with unknown clay
mineralogy.
Groundwater
The VWP measurements from the spoil borehole are shown in Figure 19 with respect to key stages in
the strip E16 mining sequence. A gradual reduction in groundwater head of around 5 m during
excavation from CH0 to CH1000 is observed and is inferred to be related to stress relief resulting from
mining activity. VWPs 1 to 3, which were installed between 33.5 m and 53.5 m below the E seam floor,
were all rendered inoperable over a 1-week period following the CH0 to CH900 floor disruption blast.
This was not interpreted to be related to the blast, rather the timing was likely coincidental as a result of
excessive accumulated displacements shearing the VWP cables off at the tuffaceous claystone horizon.
VWP4 never recorded any data and was assumed to be inoperable from installation. VWP5, which was
the only VWP installed above the basal horizon controlling the instability, showed large fluctuations in
groundwater heads throughout the mining sequence. The initial reduction in groundwater head from
February to April was attributed to grout curing and therefore considered erroneous. From April to
August in which buttress removal and coal mining were focused closer to the spoil borehole, large
increases in groundwater head up to 30 m were recorded by VWP5. There were no major rainfall events
in this period that could explain the increase. Following discussion with the supplier, it was hypothesised
that the creation of a grout bulb around the VWP5 sensor during installation may have caused the
possibly anomalous result, but at the time of writing the precise cause remains unverified. A
hydrogeology expert has been engaged by AAMC to interpret the results but for the purpose of the
numerical models, groundwater was represented as a typical phreatic surface 5 m above the E seam
floor drawing down to the lowwall toe. This may be revisited in future models pending outcomes of the
hydrogeological assessment.
Floor treatment options
It was hypothesised that the zone of influence associated with the historical 10 m floor disruption blast
depth was potentially coinciding with the roof of the tuffaceous claystone unit at 11-12 m depth and
inducing dilation, weakening it further in addition to any degradational effects resulting from
displacement-related remoulding. It was then proposed that future floor treatment blasts could be
extended at least a few metres into the stronger rock mass unit immediately below the tuffaceous
claystone. However, during drilling of deeper floor treatment blastholes in the northern half of strip E16,
systemic closure was observed in all blastholes at a depth consistent with the tuffaceous claystone
(Figure 20). At the time of writing, there is on-going investigation to assess floor treatment options and
alternative measures for arresting displacement rates should it not be possible to extend blasting depths.
As demonstrated by recent ACARP-funded research (Onederra et al., 2021), floor disruption blasting is
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a complex problem requiring consideration of many factors that are challenging to represent in numerical
models, particularly for deeper horizons at which confining stresses are higher and the effectiveness of
disruption blasting is reduced. Specifically, the dynamic strain rates associated with the sudden impact
of a blast require consideration of variable tensile strengths and damping coefficients. This is an area in
need of further research.

Figure 19: Vibrating Wire Piezometer measurements in spoil borehole at CH1200

Figure 20: Systemic blockages of strip E16 floor treatment blastholes during attempted dipping
CONCLUSIONS AND RECOMMENDATIONS
The Dawson Pit 6-8 lowwall instability was a deep-seated active-passive wedge mechanism that
mobilised in strip E15 along a previously unknown weak unit 11-12 m below the lowwall floor. XRD
analysis revealed that the weak unit, which had previously been logged as a tuffaceous sandstone, was
in fact a tuffaceous claystone comprised of a significant proportion of mixed-layer illite-smectite swelling
clays. Slake durability analysis returned first and second cycle durability indices of 2.2% and 0.1%
respectively, consistent with an extremely moisture-sensitive material. A novel soil mechanics approach
was then applied to derive shear strength properties for the tuffaceous claystone while an internal AAMC
rock mass characterisation process based on the Hoek-Brown-GSI system was used to characterise
the remainder of the more competent E seam floor rock mass. The characterised mechanical properties
were then used in large-scale 3D numerical models to optimise the buttress retreat slot width for strip
E16. During mining of strip E16, a TDR installed within the footprint of the unstable lowwall confirmed
basal mobilisation of the instability along the tuffaceous claystone. Although the pit economics were
affected by the switch from a conventional forward pass to a retreat buttress method with backfilling of
each slot after de-coaling, strip E16 was completed safely without coal sterilisation.
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As the numerical models were developed in-house, AAMC now has a validated 3D numerical model of
the Pit 6-8 lowwall instability that can be re-used in future for rapid and cost-effective predictive stability
modelling to inform the planning of strips E17+. However, there is on-going work to better understand
the impacts of groundwater and blasting modifications to ensure that high quality model inputs are
available. Further, general improvement in the proactive identification of problematic clay minerals is
needed as XRD analysis is not currently routine and produces only discrete point data based on human
interpretation at the core sampling stage. Hyperspectral core scanning technologies appear promising
in this regard and would ideally be developed into another wireline tool that can produce a continuous
downhole plot of mineralogical composition for comparison with the standard suite of geophysical tools
at the slope design stage.
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NUMERICAL ANALYSIS OF STRAIN ENERGY
DENSITY AT DEVELOPMENT AND LONGWALL
FACE
Chunchen Wei1,*, Onur Vardar1, Chengguo Zhang1, John Watson1
and Ismet Canbulat1
ABSTRACT: Strain energy stored within coal mass is one of the main energy sources of coal bursts.
Damage caused by a coal burst event can be attributed to the magnitude of strain energy accumulated
around excavations. In this study, strain energy density (SED) within coal seam is examined around
excavation boundaries during development and longwall retreat. Several numerical models are
generated to investigate SED distributions for mining depths ranging between 100 m and 1000 m. For
both development and longwall retreat, the maximum SED area migrated deeper into excavation
boundaries with increasing mining depth. When the mining depth increased from 100 m to 1000 m, the
maximum SED around development increased from approximately 6 kJ/m3 to 780 kJ/m3, while the
maximum SED at longwall face increased from approximately 102 kJ/m3 to 1710 kJ/m3. The maximum
SED around roadway ribs was lower than that at longwall face at the same mining depth. The sensitivity
analyses presented in this study can provide guidance to geotechnical engineers to better understand
and evaluate associated risks for different mining conditions.
INTRODUCTION
Rockburst is a dynamic form of rock failure, where the broken rock material is ejected into underground
excavations in the form of strain burst, ejection or bulking, resulting in damage and/or personnel injuries.
Rockburst has been regarded as a major challenge in especially deep underground excavations for
decades. The term ‘coal burst’ refers to rockburst that occurs in underground coal excavations
(Hebblewhite and Galvin, 2017). Coal burst occurs under the effects of complex environments of
geological and geotechnical mining conditions (Iannacchione and Tadolini, 2016; Zhang et al., 2017;
Vardar et al., 2018). Nevertheless, a major component of coal burst mechanism is associated with
energy storage and release.
A strain burst is a form of rockburst. A small change in the stress field and/or material strength can result
in a strain burst where the strain energy stored in the rock mass is released in an unstable and violent
manner. Galvin (2016) pointed out that strain bursts occur due to the localised strain energy
concentrations near excavation boundaries. Thus, it is critical to examine the distribution of strain energy
density around excavations during development and longwall retreat.
In this study, the Universal Distinct Element Code (UDEC) is applied to investigate the strain energy
density around roadway rib and longwall face during excavations. A range of parametric analyses is
conducted to assess the role of the contributing factors.
NUMERICAL MODEL SET-UP
Model configuration and mechanical properties
For both the longwall and development roadway models, the coal seam thickness and mining height are
taken as 3 m, and the immediate roof is of thickness 10 m. For the longwall model, the thickness of the
floor is 200 m, a main roof layer is sitting above the immediate roof and the total thickness of roof material
(above the coal seam) is equal to the mining depth. In the roadway model, the main roof is 20m thick
and the floor 30m thick. The geometries and boundary conditions of the longwall and development
roadway models are shown in Figure 1 and Figure 2, respectively. For both models the blocks are
deformable and the zone size within blocks is 0.5 m by 0.5 m in the coal seam, increasing gradually
through the rock to the outer boundaries. A plane strain condition exists for both the longwall and
1
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development models, so the UDEC longwall model represents a thin slice in the middle of the face
during longwall retreat. Roller boundary conditions are applied to the vertical sides of the models, and
fixed boundary conditions to the bottom.
1200 m

Mining depth

400 m

200 m

Figure 1: The longwall model geometry and boundary conditions

20 m

Main roof

10 m

Immediate roof

3m

Coal

3m

Roadway

5.5 m

30 m

Floor

65.5 m

Figure 2: The roadway model geometry and boundary conditions (not to scale)
The mechanical properties taken for the rock units (i.e. UDEC deformable blocks) in the longwall and
roadway development models are listed in Table 1. The Mohr-Coulomb strain-softening (MCSS)
constitutive model is used for all rocks. Once a compressive failure takes place, the material cohesion
is linearly reduced to its residual value over a plastic strain of 0.05 and kept constant beyond that critical
strain value (Wang et al., 2011; Lorig and Varona, 2013; Shen et al., 2019; Vardar, 2019). The material
friction angle, on the other hand, is assumed to be constant (35°) for rocks in roof and floor. A tensile
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strength to uniaxial compressive strength (UCS) ratio of 0.1 is taken for the rocks and the residual tensile
strength dropped to zero after a 0.001 plastic strain in tension. Lastly, a UCS (in MPa) to Young’s
modulus (in GPa) ratio of three is assumed to model the rocks in roof and floor (Zipf, 2006; Vardar,
2019).
Table 1: Mechanical properties taken for rock units
UCS (MPa)
E (GPa)
Poisson’s ratio

Rock units
Coal mass

6.6

2

0.25

Immediate roof

24

8

0.25

Main roof and floor

36

12

0.25

In this study, the bedding planes and vertical joints are modelled using a Coulomb-slip constitutive
model. The friction angles are 25°; while the cohesion or tensile strength values are taken as zero(Zipf,
2006; Wei et al., 2021). Table 2 lists the properties taken for the bedding planes (both in rock and coal)
and the vertical joints in this study.
Table 2: Coulomb-slip properties taken for the discontinuities in the analysis
Discontinuity
Normal
Shear
Peak
Cohesion
Tensile
type
stiffness
stiffness
friction
(MPa)
strength (MPa)
(GPa/m)
(GPa/m)
angle (°)
Bedding plane
50
5
25
0
0
Joints
50
5
25
0
0
In the analyses, six different mining depth scenarios are simulated: 100 m, 300 m, 500 m, 700 m, 850
m, 1000 m. The maximum horizontal stress is perpendicular to the longwall panel, and its magnitude is
assumed to be two times the vertical stress. The minimum horizontal stress magnitude is equal to the
magnitude of vertical stress (Vardar, 2019; Wei et al., 2020).
The coal properties are determined by correlation of the results of strain softening analysis with the
Salamon and slender pillar formulae for coal pillar strength for the range of width to height ratios 1.0 to
5.0, as given by Equation (1). The calibrated coal properties are given in Table 3.

w0.51
 ps  8.60 0.84
h
where

 ps

(1)

is the strength (average vertical stress at collapse) of the pillar, and w and h are the pillar

width and height in metres, respectively.
Table 3: Mechanical properties taken for coal mass
Property
Peak
Residual Critical plastic strain
Cohesion
2.2 MPa 0.2 MPa
0.06
Friction angle
23°
23°
Tensile strength
0.5 MPa 0
0.001
The calibration process also produces a coal mass compressive strength of approximately 6.65 MPa.
This value is obtained using the following equation:

UCS 

2c cos( )
1  sin( )

(2)

where c is cohesion while ϕ is friction angle.
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Quantification of strain energy density (SED)
Strain energy is calculated on the basis of the rock mass properties and stress environment. The strain
energy density (SED) stored within the rock mass surrounding excavations is quantified by a userdefined FISH program using Equation (3).

SED 

1
( 12   22   32 )  2 ( 1 2   1 3   2 3 ) 
2E 

(3)

where E is Young’s Modulus; v is Poisson’s ratio; and σ1, σ2, σ3 are the principal stress components.
Commonly, the unit of SED used for underground coal mining is kJ/m 3. Therefore, in the following
sections, kJ/m3 is used consistently for SED measurement.
According to Equation (3), the pre-mining strain energy density expected within a coal seam at a given
depth is as shown in Table 4.
Table 4: Strain energy densities within coal seam at various depths
Mining depth (m) 100
300
500
700
850
1000
3
SED (kJ/m )
5.5
49.2
136.7
268.0
395.1
546.9
MODEL RESULTS AND DISCUSSION
Strain energy density during Longwall retreat
In the longwall model, the panel is excavated for a distance of 400m, as shown in Figure 1. The strain
energy density ahead of the longwall face is calculated at the end of the longwall retreat for each mining
depth. Figure 3 illustrates the strain energy density ahead of the longwall face in 700m of mining depth,
where the maximum SED area is approximately 7.7 m in front of the longwall face. The maximum SED
is approximately 1070 kJ/m3. The coal mass between the maximum SED point and the longwall face is
generally in a yielded state, in which the SED is less than that stored in the coal seam before mining
(i.e., in situ state). The average SED in the yielded coal (between the longwall face and the maximum
SED area) is approximately 58.9 kJ/m3 in the 700 m depth of mining model.

SED contour, J/m3

Coal seam

7.7 m

Longwall
face

Figure 3: An example of strain energy density contours in the coal seam at the face for 700m
mining depth (with deformable mesh)
The average SED in the yielded coal seam in various mining depths is shown in Figure 4. It shows that
the average SED in yielded coal increases linearly from 10.5 kJ/m3 in 100 m depth of mining to 95.7
kJ/m3 in 1000 m depth of mining. The average SED in 1000 m mining depth is approximately ten times
the average SED in 100 m mining depth.
As shown in Figure 5, the maximum SED area migrates deeper into the longwall face with increasing
mining depth. The distance increases drastically from 3 m to 6 m when the mining depth increases from
100 m to 300 m. Then it increases slowly up to 8m at 1000m mining depth.
In Figure 6, the maximum SED around longwall face is summarised for various mining depths. Figure
6 also compares the maximum SED to that of the coal seam in the in situ stress state, of which values
are listed in Table 4. It is clear that the strain energy stored in the coal seam increases after the longwall
excavation. The difference of SED before and after longwall excavation increases with increasing mining
depth. This means that the strain energy stored around the excavation increases with increasing mining
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depth. The maximum SED is approximately 1710 kJ/m 3 ahead of the longwall face when the mining
depth is 1000 m.
120.0
Average SED in yielded coal
100.0

95.7

SED (kJ/m3)

80.0

79.1

60.0

58.9
43.4

40.0
27.7
20.0
10.5
0.0
0

200

400
600
800
Depth of cover (m)

1000

1200

Figure 4: Average SED in yielded coal seam at various mining depth at LW face

Distance to excavation (m)

9
8

8
7.7

7

7.2

6

7.9

6

5
4
3

3

2

1
0
0

200

400

600
800
Depth of cover (m)

1000

1200

Figure 5: The position of maximum SED area ahead of LW face
In 100 m mining depth, the maximum SED (102 kJ/m 3) is 9.7 times the average SED (10.5 kJ/m 3) in the
yielded coal face. In addition, the maximum SED increases to approximately eighteen times the average
SED in the yielded coal when the depth of mining is in a range of 700 m to 1000 m. It indicates that a
large portion of strain energy is stored within the elastic coal in front of the longwall face due to the
abutment stress. The coal at the longwall face has a limited amount of strain energy due to the yielding
state. Thus, the elastic strain energy stored in the elastic coal is highly likely one of the main energy
sources when strain bursts occur.
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Figure 6: The maximum SED at various mining depths ahead of LW face
Strain energy density during roadway development
Figure 7 shows an example of the energy density contours in the coal seam at the ribs in 700 m depth
of mining. The maximum SED point is approximately 5.5 m behind the rib with a magnitude of 338 kJ/m3.
The coal mass between the maximum SED point and the rib face is generally in a yielded state. The
average SED in the yielded coal is approximately 44.1 kJ/m3 in the model shown in Figure 7.

SED contour, J/m3

5.5 m

Figure 7: An example of energy density contours in the coal seam at the ribs for development
at 700m mining depth
For the development roadway models, the average SED in the yielded coal seam at ribs at various
mining depths is shown in Figure 8. It shows that the average SED in yielded coal increases from
6 kJ/m3 in 100 m depth of mining to 51.4 kJ/m 3 in 1000 m depth of mining. The average SED in 1000 m
mining depth is approximately 8.5 times the average SED in 100 m mining depth.
Similarly, the maximum SED and its position are summarised in Figure 10 and Figure 9, respectively.
As shown in Figure 9, with increasing mining depth, the position of maximum SED has the same
increasing trend as at a longwall face. The distance increases almost linearly from 0.1 m to 7.6 m when
the mining depth increases from 100 m to 1000 m.
As shown in Figure 10, the difference between the SED after roadway excavation and the SED at in
situ stress state increases with increasing mining depth. The magnitude of the maximum SED increases
from approximately 6 kJ/m 3 to 780 kJ/m3 when the mining depth increases from 100 m to 1000 m. The
maximum SED equals the average SED in the yielded coal face in 100 m mining depth in roadway.
Then, the maximum SED increases to approximately fifteen times the average SED in the yielded coal
when depth of mining increases to 1000 m. Furthermore, the difference between the magnitude of the
maximum SED and the average SED increases with increasing depth of mining for roadway scenarios.
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Similarly, as shown in Figure 8, the yielded coal at development rib has much smaller strain energy
compared to the coal area with the maximum SED. Thus, the strain energy stored in the elastic coal is
also highly likely the main energy source when strain bursts occur in the development scenario.
60
Average SED in yielded coal
51.4

50

SED (kJ/m3)

48.6
44.1

40
30.7

30
21.3

20
10
6
0
0

200

400
600
800
Depth of cover (m)

1000

1200

Distance to excavation (m)

Figure 8: Average SED in yielded coal seam at various mining depths at development ribs
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5.5
5
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3.9

3
2
1.6
1

0.1

0
0

200

400
600
800
Depth of cover (m)

1000

1200

Figure 9: The position of maximum SED at ribs for development roadway
It is of note that the maximum SED around roadway ribs is smaller than that around a longwall face at
the same mining depth, as the longwall face carries much more abutment load due to the stress
redistribution after longwall excavations. However, the difference between the maximum SED in longwall
face and roadway decreases with increasing depth of mining. In 100 m depth of mining, the maximum
SED of longwall face is sixteen times the maximum SED of the roadway. This number decreases to two
times when the depth of mining increases to 1000 m.
As shown in Figure 11, for both development and longwall retreat, the maximum SED migrates deeper
with increasing mining depth. However, the rates of the migration are different for the two excavation
scenarios. For development, the maximum SED migrates gradually into the coal face. In comparison,
for the longwall retreat, the position of the maximum SED migrates from 3 m to 7.7 m into the coal face
when the depth of mining increases from 100 m to 700 m. Then, from 700 m to 1000 m depth of mining,
the maximum SED rarely migrates into the coal, although the magnitude of the maximum SED still
remains at the same increasing rate. The maximum SED increases approximately 700 kJ/m 3 (from 1070
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kJ/m3 to 1710 kJ/m3) while the position of the maximum SED remains approximately the same, resulting
in higher coal burst risks.
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Figure 10: The maximum SED at various mining depths at ribs for development
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Figure 11: Maximum SED and its position in development and longwall face
It is worth noting that in quantifying the strain energy, many factors are involved in the process due to
complex underground environmental conditions. The model outputs, e.g., the magnitude and positions
of the average and maximum SED, can change significantly in different underground excavation
configurations. It is, therefore, necessary to examine the energy changes on a case-by-case basis for a
specific condition.
CONCLUSIONS
In this study, the Universal Distinct Element Code (UDEC) is applied to investigate strain energy density
distribution in coal excavations. The distance between the maximum strain energy density (SED) area
and the coal face increases with increasing mining depth for both development and longwall retreat. The
magnitude of SED around the longwall face is greater than that in development. Based on the model
configuration in this study, the maximum SED of longwall face and development are 1710 kJ/m 3 and 780
kJ/m3, respectively, in 1000 m depth of mining. The average SED in the yielded coal at the coal face is
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much less than the maximum SED. Thus, the elastic strain energy stored in the elastic coal is highly
likely one of the main energy sources when strain bursts occur. The parametric analyses can deepen
the understanding of energy changes and the associated coal burst risks for different mining conditions.
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DEALING WITH BURSTS – A NEW APPROACH
Ian Gray1 and Jeff Wood2
ABSTRACT: This paper categorises the different types of coal bursts and gas outbursts in terms of their
mechanisms. It is considered to be essentially impossible to predict when one of these events may
occur. However, it is possible in many of the cases to predict the velocity of ejection and hence the
distance with which particles may travel including bouncing and rolling and sliding. Keeping beyond this
stand-off distance ensures the safety of workers from impact. Where gassy fault gouge exists there is
no such safe distance. The material involved may be ejected in the form of a turbulent flow which has
been described as a coal storm and which can travel great distances. This also involves large amounts
of gas with the inherent problems of explosive mixtures. Locating, and determining the size of such
geological features is therefore of great importance. Methods of doing this are discussed.
INTRODUCTION
Bursts are events that expel material with velocity at the time of ejection. This is usually coal but is
sometimes rock. Unlike falls, where the velocity is gained through gravitational acceleration, the sources
of energy that drive the material outwards are either strain energy of the rock or coal, or energy derived
from expanding gas.
Rather than attempt to set predictive thresholds of whether a burst will take place or otherwise the
approach taken here is that it is possible to predict how fast an ejection might be, and how far the
material may travel, should it occur. Personnel should not be within the range of moving material and
need to be withdrawn to a safe stand-off distance during mining. This is particularly applicable to coal
bursts and outbursts in blocky coal.
The outbursts associated with gassy, finely ground coal are quite different in character as they are
frequently not a single step process but occur in multiple stages. Mining through fault gouge requires a
completely different and much more rigorous approach, as the consequences of an outburst associated
with this material are much more serious, and the range of ejection well beyond any practical safe standoff distance.
BURST TYPES
Bursts range from the sudden failure of the face with the ejection of coal driven by strain energy that
may eject a few tonnes of material without any gas, through to the huge outbursts that involve erosion
of fine material associated with a reverse fault. These occur in stages and may eject thousands of tonnes
and a million cubic metres of gas. Because of the requirement for brevity in this document, burst forms
will be described with minimal reference to individual cases. If the reader wants more detail with
references they should refer to the research document (Gray, Wood, Gibbons and Zhao, 2021) and to
its precursor (Wood and Gray, 2015).
All bursts are associated with failure that leads to the ejection of material at velocity. The sources of
energy are strain energy of the rock or coal, and energy derived from expanding gas. If the energy that
is available is consumed in the failure process then there is none left to drive ejection and what is left is
a gravitational collapse.
COAL AND ROCK BURSTS
These are events that do not involve gas. The energy comes totally from the stored strain energy within
the material that is being ejected and possibly from that surrounding it. In cases where the roof and floor
are stiff, the strain energy is stored within the material that will fail. For this to be available to drive an
ejection, the energy must not all be consumed in the failure process. Failure modes which do not
consume a major proportion of the energy are therefore likely to lead to bursts. These include buckling
1
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and shear failure on discrete planes, rather than crushing of the block. An example of a wedge type
failure is given schematically in Figure 1. Figure 2 shows a coal burst affecting gateroads taken from
Mark (2016). In this, the pillars have failed violently ejecting coal into the roadway.

Figure 1: Wedge type strain burst failure

Figure 2: Effect of a coal burst on a gateroad before (top) and after (below) (Mark from an
unspecified US mine in the North Fork Valley, 2016)
Figure 3 is a drawing of a normal outburst that occurred at Leichhardt Colliery. This showed buckling
type failure. Gas was also involved in these events which typically ejected 10 tonnes of material at quite
low velocities.
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Figure 3: Elevational view of outburst cavity (Moore and Hanes, 1980)
STRAIN ENERGY AND VELOCITY EJECTION
In cases where the roof and floor are not involved, the strain energy available in a coal burst comes
solely from the seam itself. Table 1 lists the theoretical ejection velocities in the various cases. In the
top line is the theoretical maximum ejection velocity if all the strain energy in a one dimensional stressed
case is converted into kinetic energy. The second line considers the case where there is a vertical joint
behind the failure wedge shown in Figure 1 and where two failure planes exist at 45 degrees minus half
the friction angle to the vertical. These are the most likely planes for shear failure. The third line considers
the case where the vertical joint does not exist. The fourth line considers the case of the maximum
theoretical velocity if all the strain energy from a uniform biaxial stress state was converted to kinetic
energy. The fifth line considers the velocity that might occur if a three dimensional cone type strain burst
occurred with a release joint behind. The final case is taken from Qiu (2021) and considers the case
where two dimensional plate buckling occurs. In this the tip velocity of the broken plate segment may
be higher than that of the first case. This is theoretically possible as most of the rotating and translating
plate is travelling more slowly than the tip.
Where

𝑢

is the velocity of ejection

𝐸

is the Young’s modulus

𝜌

is the density of the rock or coal

𝜎

is the stress – uniaxial or biaxial depending on 1D or 2D case

𝑣

is Poisson’s ratio

All these cases represent the case where no strain energy comes from surrounding material. It is also
possible to have bursts where a significant proportion of the energy driving the event comes from the
convergence of the roof and the floor. This is typically the case where pillar failure occurs as is shown
in Figure 2. The time required for these wedge or cone type coal burst events to reach peak ejection
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velocity is of the order of one millisecond. Ejection velocities may lie in the range of 2 to 7 m/s. These
velocities are reached with very little elastic deformation.
Table 1: Theoretical maximum ejection velocities for rock and coal burst events without
contribution from surrounding material
CASE
EQUATION
1D stress theoretical maximum velocity
1D

stress, wedge with release joint behind

1D stress, wedge without release joint behind

2D stress, theoretical maximum velocity

𝜎

𝑢=

√𝜌𝐸
1 𝜎

𝑢=

2 √𝜌𝐸

𝑢=
𝑢=

0.45

𝜎
√𝜌𝐸

√2(1−𝑣) 𝜎
1

√𝜌𝐸

(1−𝑣) 𝜎

2D stress, wedge with release joint behind
Plate buckling with full release joints

𝑢= √
𝑢=

2

√𝜌𝐸

√3

𝜎
√𝜌𝐸

THE EFFECT OF GAS
Once pressurised fluid is present, then, the situation changes. Fluid cannot contribute to failure unless
it can alter the stress state within the coal or rock and become a component of effective stress.
The effective stress within a rock mass is given by Equation 1. The use of the Kroneker delta simply
means that changing fluid pressure does not change the shear stresses and only affects stresses normal
to the plane being considered.
𝛔′ 𝐢𝐣 = 𝛔𝐢𝐣 −𝛅𝐢𝐣 𝛂𝐢 𝐏
Where

(1)

𝜎 ′ 𝑖𝑗 is the effective stress on a plane perpendicular to the vector i in direction j

𝜎𝑖𝑗

is the total stress on a plane perpendicular to the vector i in direction j

𝛿𝑖𝑗

is the Kroneker delta. If 𝑖 ≠ 𝑗 then 𝛿𝑖𝑗 = 0, while if 𝑖 = 𝑗 then 𝛿𝑖𝑗 = 1

𝛼𝑖 is the poroelastic coefficient affecting the plane perpendicular to the vector i
𝑃

is the fluid pressure in pores and fractures

For fluid pressure to affect stability it must have some surface on which it may act. This can be within
pore, cleat or fracture spacing. For the fluid to operate the surface must be open so that fluid can reach
it.
The importance of the concept of effective stress cannot be over emphasised. Where fluids cannot act,
they do not influence failure. If the effect of the fluid pressure, 𝛼𝑖 , increases with reducing effective
stress, as is the case in many coals, then the effect is magnified.
If the fluid is a gas, this has the ability to do work on expansion, causing the mass to accelerate as in an
outburst. How much work the gas can do is dependent on its initial pressure, initial volume and final
pressure. What is important is the concept that gas cannot contribute to a burst if it cannot operate
within the coal. This means that if the coal does not contain some internal fracture surface that is open,
or will open up with failure, then it will never outburst.
The theoretical ejection velocity that may be due to a gas expanding quickly, and therefore adiabatically,
is given in Equation 2.
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𝒖=√

𝟐𝑷𝟏 ∅
𝝆(𝜸−𝟏)

𝑷𝟏

(𝟏 − (

𝑷𝟐

)

𝟏−𝜸
)
𝜸

(

)

(2)

Where 𝑃1 is the initial pressure
𝑃2

is the pressure that the gas expands to – atmospheric pressure

𝑢

is the velocity reached at the end of expansion

𝜌

is the coal density

∅

is the void space fraction (porosity)

𝛾

is the adiabatic index = 1.32 for methane, 1.28 for carbon dioxide

The key variables are the void space fraction and the initial gas pressure. The void space is the fraction
of the total coal or rock volume that is open. In coal it is essentially the space within cleating, not space
within enclosed pores in the microstructure of the coal.
Importantly this void space is very low in solid coal. Coal seam gas reservoir behaviour would indicate
that such pore space is of the order of 0.5%, much of which is occupied by water, even after gas
drainage. If all of this 0.5% was occupied by gas at a pressure of say 4.0 MPa gauge, the ejection
velocity would be about 7.5 m/s. If however that void fraction volume is 3% then the velocity would be
18.4 m/s. At lower pressures the theoretical velocity of ejection drops. At 1.5 MPa gauge pressure and
void ratios of 0.5% and 3% the velocities become 4.2 and 10.4 m/s respectively.
It may appear that this is a very simplistic model but it is shown by Gray et al (2021) that the concept of
multiple blocks of coal separated by gaps equivalent the void space reach the same velocity. This model
is described as a gun barrel model as it represents movement within a conduit of uniform sectional area
without leakage. A significant difference from the idea of a gun barrel is that it contains multiple moving
projectiles. The movement required to expand gas in a planar void, such as a cleat or fracture, is not
very much. Consider a coal that contains parallel fractures which add up to 10 mm spacing in a 1 m
thick slab - equivalent to 1% porosity and which is a lot of open space. If the initial pressure is 4.0 MPa
gauge the fully adiabatically expanded combined width of these to atmospheric pressure is 174 mm. If
the coal were not to disintegrate a vacuum would be developed in the expanding void. We assume for
the velocity calculation given in Equation 2 that this is not the case. However this short distance of
expansion is important as the coal may not have broken apart and become leaky before the peak velocity
is reached. The peak velocity in this model is reached in a few milliseconds.
Blocky Outbursts
Outbursts are generally not events that take place in milliseconds. By way of example Bruggeman
(2002) reports an outburst that occurred at Central Colliery, German Creek, Central Queensland,
Australia on 20 July 2001. This was an outburst that occurred in coal with a higher frequency of jointing
than had generally been apparent in the prior workings.
Just before the outburst, a loud bang occurred. This caused the continuous miner driver to put the miner
into reverse high tram. The noise seemed to be deep and to emanate from the roof. Then cracking of
the rib was noticed with some fretting. The miner had travelled backwards some 2 m in a few seconds
when a second event took place accompanied by a louder bang than the first. Some small pieces of
coal were thrown towards the miner followed by larger ejection.
Personnel reported a pressure change causing popping of their ears. When the majority of the coal had
been expelled, there was a suction towards the face. Personnel in the adjacent heading also heard
these three waves of noise and trammed backwards, thinking it was a roof fall about to happen or a coal
mine outburst. About 90 tonnes of blocky coal was dislodged, fortunately without any serious injury
occurring. A photograph of another blocky coal outburst from a Bulli seam mine in the Illawarra is shown
in Figure 4. This was associated with jointing parallel to a dyke.
The precursor events to the ejection in this outburst are important and are common in others. These
include normal outbursts at Leichhardt Colliery (Figure 3) where the outbursts could be predicted by the
mining crews and would only eject a few tonnes, and those at Cynheidre (Davies, 1980) where outbursts
were frequently preceded by a noise described as being akin to that of a “two-stroke motorcycle engine
being revved up”.
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Figure 4: Photograph of a blocky burst event from the Bulli seam before clean up showing lefthand rib – face intersection
These cases are important as they illustrate the time factor in these outbursts; they are not events that
occur in milliseconds. The situation is considered to be one of failure, dilation of the mass to form void
space, pressurisation of the void space followed by ejection.
Outbursts from Finely Ground Coal
The most dangerous outbursts come from finely ground coals that are part of fault gouge. In the worst
situations they are encountered suddenly by breaching rock in a fault or by entry from solid coal. The
worst of these encountered in Australia was the outburst of 1 December 1978 which occurred at
Leichhardt Colliery in Central Queensland. This produced 500 tonnes of rock and coal and 12 000 m 3
of gas, and led to a dual fatality. The mining breached a reverse fault containing gouge material along
its strike. It was reported as an event that was accompanied by a series of double bangs that were quite
distinctly separated.
Worldwide many other major outbursts of this type have occurred. One of these major outbursts
occurred on 7 April 2002 at Luling Colliery in Anhui Province, China. In this a very large coal and gas
outburst occurred as an inclined drive was being advanced by “air picks” through rock towards a faulted
zone containing sheared coal. The rock barrier broke up and what ensued was an outburst that produced
an estimated 8730 tonnes of rock and coal and 9.3 x 105 m3 of methane. This material filled many
hundreds of metres of roadway, with finer material being transported further in what has been described
as a coal storm.
If we make the assumption that what occurred was a series of erosional cycles each followed by a
blockage and a process of pressurisation before failure and further erosion, it provides an explanation
of the process.
This cyclic process is shown schematically in Figure 5. Here a continuous miner hits a patch of fault
gouge which begins to erode. The outlet to this blocks off and the void behind it pressurises. When the
pressure is adequate to cause failure of the blockage, this material is then ejected and the erosion
process then re-starts. This process may continue until the blockage remains in place or there is no
more material to dislodge.
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Events such as that shown in Error! Reference source not found. have the potential to eject gas and
material at very high speeds. It only takes a pressure of approximately 1.8 times higher on the inside of
a nozzle than on the outside to cause choked flow and the gas ejection to reach sonic velocity. This is
about 450 m/s in methane. High velocities will entrain particles within them to form the coal storm used
to describe the Luling outburst, the large outburst at Leichhardt Colliery and many other large outbursts
that have occurred as listed in the Appendix of Gray and Wood (2015).

Figure 5: Cyclic process of a major outburst on a fault
What Pressure is the Gas in the Void Space?
In a zone unaffected by mining or drainage any gas can be expected to be at the sorption pressure of
the gas within the coal. In many cases there will be no free gas as the water pressure in the seam will
exceed the sorption pressure. Once some drainage has taken place water will be partially drained and
space will exist for gas. This gas will diffuse from the coal solid through a complex process of desorption.
This process of diffusion may be a mixture of Knudsen flow, Darcy flow and other possibilities but it can
be approximated by that of Fickian diffusion down a concentration gradient. If we use the mathematics
of Fickian diffusion (Crank, 1975) we can approximately calculate what the rate of diffusion from the coal
into the void space may be. This is important because if it is too slow then the gas is likely to leak off
into the face.
The pressurisation of a void depends on its volume and the rate at which gas can desorb into it. The
coal is considered to be made up of fragments which for mathematical convenience we will treat as
spheres. These spheres may diffuse by the process of Fickian diffusion into the void. This problem is
solved by numerical simulation of a set of cases. The model is described further by Gray et Al (2021).
The diffusional behaviour is normalised in terms of the time function shown in Equation 3.
𝑫𝒕

𝒇(𝒕) = √

𝒂𝟐
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Where

𝐷

is the diffusion coefficient in (m 2/s)

𝑡

is the time of diffusion in (s)

𝑎

is the radius of the sphere in (m)

Figure 6 shows the pressure within the void or the pore space for a case with an initial seam pressure
of 3 MPa and fairly normal sorption isotherm shape. If we consider the case of a sphere diameter of
0.02 m, a diffusion coefficient of 10-9 m2/s and a period of 0.2 seconds then the value of the time function
is 0.0014 and the pressure that could be developed in a 3 % porosity coal is 2.0 MPa.
While 0.2 seconds is one to two orders of magnitude longer than the time taken for pure adiabatic
expansion to accelerate the simple gun barrel outburst model to high speed, it is still not very long to
pressurise a dilated coal mass or void prior to expulsion in an outburst. Indeed, the time difference would
not be able to be discerned by an operator near the face.

Figure 6: Pore pressure change when the initial pressure is 3 MPa
If, however, we consider the case of a coal with 1% void space the dimensionless value of √

𝐃𝐭
𝐚𝟐

−4

required to reach 2.0 MPa is approximately 7.5 × 10 . If the coal is blocky with a characteristic
dimension block size of 0.1 m and a diffusion coefficient of 10-12 m2/s the time to pressurise is 23 minutes.
It is therefore extremely unlikely that such a coal would ever pressurise to the extent that an outburst
may occur following failure and dilation because the gas would leak off.
If we work with a void ratio of 3% and pressurisation to two thirds sorption pressure and take an extended
period of 15 seconds for pressurisation prior to an outburst we can re-arrange Equation 3 into Equation
4 which describes the value above which the risk of pressurisation may be expected to be significant.
𝑫
𝒅𝟐

> 𝟑. 𝟕 × 𝟏𝟎−𝟖 𝒔−𝟏

Where

𝑑

is the characteristic lump dimension (m)

𝐷

is the diffusion coefficient (m 2/s)

(4)

This shows the importance of characteristic particle size and diffusion coefficient in leading to
pressurisation of the dilated mass. The use of the 3% void ratio and the maximum of a 15 second
pressurisation period following dilation are somewhat arbitrary but are expected to be of the right order
to act as limits for determining whether diffusion rates are likely to be adequate for an outburst to occur.
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A gouge material with a characteristic particle size of 0.5 mm and a low diffusion coefficient of 10 -13 m2/s
would have a value of 𝐷/𝑑 2 > 4 × 10−7 s-1 which is an order of magnitude higher than the suggested
value in Equation 4 and might therefore be considered of being at risk of an outburst. Historically this
correlates with outburst prone coals such as the lower portion of the D6 seam in the Karaganda Basin
of Kazakhstan (Gray et al, 2021).
Diffusion Coefficients in Coals
The measurement of the diffusion coefficient can only be conveniently and reliably made on initial
desorption. This means, obtaining coal samples with gas in them and measuring their desorption rate
over a period of time. Once this has been completed, a measurement of the coal particle sizes can be
made and the diffusion coefficient may be determined. This can be done on cuttings from open hole
drilling or on core. In both cases, the coal should be retrieved as quickly as is possible so that the
maximum amount of the desorption process may be measured. Experimentally it has been found that
the diffusion coefficient is larger for larger particles (Gray at al, 2021). To what extent this is a function
of fracturing that exists within the larger particles, their odd shapes or the inadequacy of the Fickian
diffusion model is uncertain. The calculation of the diffusion coefficient from particle desorption is
described by Gray (2017).
One useful measurement is that of the Apparent Diffusion Coefficient, DA. This may be measured from
the desorption of core retrieved for gas content analysis. It can be calculated using Equation 5 from
Wood and Gray (2015).
𝑺𝒍 𝒂

𝑫𝑨 = 𝟑. 𝟐𝟕𝟑 × 𝟏𝟎−𝟑 . (

𝟐

∞)

𝑴𝒎𝒍

Where

(5)

DA – apparent diffusion coefficient, m 2/s

a – radius of the core, m
Sl – slope of the initial desorption curve derived from a plot of
Mt vs. t1/2 in

ml
√min

where Mt is the total desorbed gas.

∞
𝑀𝑚𝑙
– total gas content of core in ml

The value of DA tends to be one or two orders of magnitude higher than the small particle diffusion
coefficient and represents lump behaviour as opposed to that of small fragments. Diffusion coefficients
range from 1 × 10−13 m2/s for slowly diffusing small particles up to 1 × 10−7.5 m2/s for the most
quickly desorbing cores. This is a huge range and fundamentally affects outburst behaviour.
WHICH COALS WILL COAL BURST AND WHICH WILL OUTBURST?
For a coal to suffer from a coal burst event, it must be stressed to near failure and then be taken over
the threshold of failure with an associated strain energy release. For a coal to be at such a high stress,
it must have significant strength. This strength may be thought of as coming from cohesion – as in the
Mohr Coulomb failure criterion. Once cohesion is destroyed, the strength is limited by friction. Without
the cohesive component, the coal has no strength next to an unconfined face. Thus coals that are prone
to coal burst are either not cleated or jointed, though they may be sparsely jointed parallel to the
structure, or if these do exist they have been cemented. Strain burst type wedge, cone or buckling bursts
cannot occur unless stress exists at the face. The potential still exists for the core of a pillar to contain
some joints that are confined, so that they may sustain stress, to burst given a sufficiently energetic
seismic event to trigger their failure.
Coals that do have jointing and cleating and contain gas must be considered an outburst risk. If the
cleating or jointing is sufficiently closely spaced, and the diffusion coefficient sufficiently high, then a
blocky coal outburst must be considered a possibility. If the coal is finely broken such as in the form of
gouge material and it is gassy then the danger posed by an outburst is extreme, albeit in a different form
of outburst.
Most Australian coals have cleats and joints. This coal is benign after drainage. The coal with a risk of
blocky outburst is usually characterised by joints and cleats with directions that are related to fault or
dyke elements rather than the systematic directions characteristic of the particular seam.
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THE SIZE OF THE BURST EVENT
In considering the seriousness of a potential burst event it is necessary to consider what size of event
is likely. Thus a strain burst is likely to be a small event and its consequences are therefore limited. If
the chain pillars of a longwall are strong and can become excessively stressed then the potential exists
for a large failure that may propagate over several hundred metres of pillar length. This can also apply
to the main development of a mine. An example is that of Crandall Canyon mine in Utah in the USA
(Gates, 2007). In 2007 the mine was recovering main development pillars between two mined out groups
of longwall panels. Despite plenty of warning, in the form of bumps, mining continued with the result
being a major pillar failure that caused the failure of 800 m of pillars and which killed six. A subsequent
rescue operation was caught by a continuation burst which killed three and injured six more.
Outbursts from the face are much smaller events that affect a volume of dilated failed coal. If this is a
blocky event the volume of the burst is small and so is the distance of projection. Where the outburst is
from finely ground gouge material associated with a fault the failure may proceed along the fault zone
and also gather adjacent coal and rock. In this case the fine material is entrained in gas in the form of
turbulent flow forming a coal storm, and the distance of projection of this fine material is a lot further
than the larger lumps. These are the most dangerous outbursts. The volume of material in these is
limited by the size of the fault zone and what the failure of this may entrain.
THE CONCEPT OF A STAND-OFF DISTANCE
It is impossible to actually determine whether the precise events associated with mining will lead to an
outburst or coal burst. Either event is an unstable failure with energy release. The uncertainty is
associated with the variability of geology, the associated material properties of the coal and rock and
the variability of the mining operation.
In the cases of blocky coal outbursts or strain burst type coal bursts the basis for determining the ejection
velocities lies in the equations in Table 1 and Equation 3. It is likely that the timing event of the strain
burst is somewhat quicker than that of an outburst and that a strain burst event is likely to eject material
and may be followed by an outburst. Nevertheless for the sake of being extremely conservative the
velocity of ejection may be determined by adding the strain energy and gas expansion energy and
equating this to the kinetic energy. The velocity from this is combined energy approach is given by
Equation 6.
𝟐 𝟏−𝒗

𝒖=√ (
𝝆

𝒌𝑬

𝐸
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𝜸
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is the Young’s modulus of the coal

𝑘 is a factor to deal with the fraction of theoretical potential energy transfer to kinetic energy
(approximately 4).
𝑣

is Poisson’s ratio of the coal

𝜎

is the stress in the coal – assuming UCS unless measured

𝑃1

is the initial pressure

𝑃2

is the pressure that the gas expands to – atmospheric pressure

𝑢

is the velocity reached

∅

is the porosity fraction

𝛾

is the adiabatic index = 1.32 for methane, 1.28 for carbon dioxide

If the velocity can be computed using Equation 6 and it is assumed that a lump of coal is projected from
the top of the face then the distance it travels may be calculated simply as given in Equation 7 and
shown in Figure 7.
𝟐𝒉

𝒙 = 𝒖√

𝒈
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Where

𝑥

is the distance of ejection before impact with the floor

𝑔

is the gravitational acceleration

ℎ

is the height of the mining face

𝑢

is the ejection velocity.

Figure 7: Distance particle with horizontal velocity travels before hitting the ground
After impact the material is likely to bounce several times and then slide or roll for double the flight
distance. Thus the total distance the lump will travel is about three times its flight distance. The safe
stand-off distance is beyond this.
Figure 8 shows a plot of what is thought to be a safe stand-off distance from the 3 m high face for cases
which are not gouge and are not likely to disintegrate into fine material.

Figure 8: A plot of stand-off distance
The other assumptions used in this are a void ratio (porosity) of 3%, a density of 1350 kg/m 3; 2.5 GPa
Young’s modulus with 10 MPa stress for the case STAND OFF 1 and 5 GPa Young’s modulus with 20
MPa stress for the case of STAND OFF 2. In both cases the Poisson’s ratio used is 0.2. The case of
stand-off distance where there is no strain energy contribution is also plotted as Gas Only.
The isotherms of gas content above atmospheric pressure for two gases are also plotted with respect
to gauge pressure. These are average numbers from a range of tests on different coals. The first is for
methane where the Langmuir volume is 14.80 m 3/tonne and the Langmuir pressure is 1.96 MPa
absolute. For carbon dioxide the Langmuir volume and pressure are 30.86 m3/tonne and 1.34 MPa
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absolute. These plots show the importance of pressure rather than gas content. Carbon dioxide content
will be far higher for a given pressure than methane.
If the outburst is likely to be from fine gouge material of some volume then the concept of a safe standoff distance does not apply. This is a very dangerous situation. It is also pointless endeavouring to
calculate stand-off distances if pillar or longwall face failures from highly stressed coal are a possibility.
They should not be allowed to be a possibility and no one should be in the vicinity of such a potential
event.
MANAGEMENT STRATEGY
Exploration to Determine Outburst and Coal Burst Risk
In the mine exploration stage it is important to determine the state of stress and fluid pressure within the
coal. It is also necessary to determine the sorption pressure of the gas within the coal, the diffusional
behaviour of the coal and the geological structure within it. This can be achieved by the use of core
drilling, core desorption and its subsequent examination for structure and testing for strength including
the coal’s failure characteristics.
The measurement of isotherms on the coal is valuable as it relates gas content to pressure. In the case
where mixed gases exist in the seam Native Isotherm measurements should be taken and compared to
those derived from laboratory measurements with individual gases that are subsequently combined to
form a mixed gas isotherm. The Native Isotherm (Wood and Gray, 2015) is determined on initial core
desorption with all the gas species and water being involved.
The use of acoustic televiewer (ATV) images is also valuable as it gives another view of the coal
structure and an indication of stress from breakout patterns or drilling induced tensile failure. Direct
stress measurement in coal is limited to hydrofracture in most coals. It generally only reliably measures
the minimum stress within the coal, though when used with ATV images that display breakout it provides
some basis for determining major horizontal stress. ATV images can be examined along with core for
fracture density and orientation.
The use of gas content measurement should be augmented by the installation of piezometers as these
can provide long term continuous records of fluid pressure within the seam during drainage and up to
mining. Once drainage had dropped the water pressure in the seam to the sorption pressure, gas is
released and the piezometers will measure the gas pressure. This is a far more relevant and lower cost
option compared to drilling multiple gas content compliance holes. Pressure is what matters, the gas
content is of far lower importance.
Permeability measurement is also relevant because it directly influences the ability of the coal to drain
either into gas drainage holes or the workings. High permeability coals do not generally outburst as the
gas pressure has been relieved by gas drainage. Where gas remains in the coal the pressure within the
coal near the face is a function of the permeability and advance rate.
UNDERGROUND IN-SEAM DRILLING
Open Hole Drilling
Underground in-seam drilling is the most important exploration tool for use to assess outburst and coal
burst risk in an operating mine. The identification of fault zones is most important. The normal process
is by drilling open holes using down hole motors powered from the drilling fluid. Drilling difficulties such
as bogging of the drill string is an important indicator of problems. This is caused by the production of
large coal fragments that may come from breakout in the hole wall due to stress concentration. The
information that is currently obtained from such holes is limited. As a large amount of drilling is normally
or could be conducted the information retrieved could be significant. The information that could be
obtained falls into three categories.
The first of these is information on the progress of drilling and the torque and thrust response of the drill
to penetration. For this to be meaningful it must be obtained from as close to the drill bit as is possible
otherwise the information from the bit is lost in the frictional effects of the drill string in the borehole.
The second main source of information should come with the cuttings and gas release from the hole.
The problem with getting information from cuttings is that these do not travel in a regular fashion from
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the drill bit in normal down hole motor directional drilling. They become part of the cuttings bed in the
hole and are released from this at uncertain times. This is a problem associated with a failure to rotate
the drill string and an inadequate flushing rate. The use of a rotary steering tool which is steerable during
rotation, and higher fluid flushing rates, overcome such problems. This should enable the collection of
cuttings so that their size distribution may be determined. Doing this requires development of continuous
cuttings size assessment systems. The collection of cuttings also enables the determination of gas
content from them. As holes become longer gas loss from desorption of cuttings limits the accuracy of
this method. The use of gas flow rates from the hole as an indicator of conditions also becomes limited
in long holes because the incremental flow from the newly drilled section of the hole is lost in emissions
from the remainder of the hole.
The third method in which information from open holes, were obtained by logging them after drilling.
Currently geophysical tools are limited by intrinsic safety constraints but such tools can be developed
with adequate resources. Current development is focused on a multi-arm calliper tool to detect
overbreak of the hole caused by an intersection with gouge material or borehole breakout. A
development whereby a packer system can be deployed into the hole to test for gas pressure, a key
indicator of outburst severity, and to measure permeability, is available. Other tools can be expected to
follow, though intrinsic safety needs and the mixed gas and water environment in the hole will always
be significant constraints on using a normal geophysical suite of tools.
Where coring can be used the opportunity to measure structure within the hole is increased
immeasurably. Detailed structural analysis of the core becomes possible enabling the determination of
jointing and cleating. Core loss indicates potentially dangerous gouge zones associated with faults.
However, coring is currently only used for gas content measurements at isolated locations within
underground drill holes. Sudden changes in gas content can indicate inhomogeneity of the seam and a
reason for caution. Compliance coring is a measure of the efficiency of gas drainage and can, if the core
is examined properly, be an indicator of areas of potential burst conditions.
The reason for this limited coring is the time it takes to pull the drill string, run a core barrel, take a core,
pull the drill string, and run it back into the hole. Continuous conventional coring is too slow. Wireline
coring brings with it the risk of having to extract the core barrel from a pressurised drill string.
Information Gained from Mining
While the process of exploring by mining is not good practice obtaining every bit of possible information
from where mining has taken place highly desirable. Observation gives direct experience on the mining
conditions and enables the location of structures within the seam to be extrapolated. Features that may
be observed are described below.
 The stability or otherwise of the rib and face. Here a lack of failure indicates a coal that may be strong
and carries a higher stress and which may therefore be coal burst prone. The measurement of stress
is needed to accompany this to determine whether stress is an issue. This is most readily observed
through examining boreholes for breakout. If the face ‘spits’ fragments, it is also a direct indicator of
small failures that may become a large one.
 The state of fracturing within the coal as an indicator of changing stress direction and as a direct risk
factor in blocky outbursting.
 Changing gas make in the ventilation. However, low gas may be a precursor to an outburst as can
increased gas make which indicate the presence of structural features in the coal that are releasing
gas.
 Any signs of sheared zones containing gouge material.
 Bumping felt by the mining crew or recorded by microseismic processes. This is frequently a
precursor to a major burst event.
Where coal bursts or outbursts occur this information can be invaluable and should not be ignored,
however small the event. All these observations indicate the current risk of bursting when viewed in the
light of the mechanisms discussed above. Fine tuning of the management strategy can be achieved
by the correct interpretation of these indicators.
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CONCLUSIONS
This paper presents a description of coal burst and outburst events and endeavours to explain their
mechanisms. Coal bursts are divided into events akin to strain bursts in metalliferous mining and major
pillar bursts. Outbursts are divided into blocky coal outbursts and those that occur from gouge
associated with faulting. The ejection velocity from strain burst type coal bursts and blocky coal outbursts
are considered to be able to be estimated. The key parameters here are stress, gas pressure, the
characteristic block dimension and the void ratio that may occur on dilation. The stress can be
approximately estimated from borehole breakout. The gas pressure can be measured directly or inferred
less accurately using gas content and isotherm information. The characteristic block dimension most
easily comes from core examination. That leaves the most uncertain parameter which is the dilation that
may occur on failure prior to an outburst. A value of 3% void space is considered a conservatively large
value. Another parameter of importance is the diffusive behaviour of the coal, as it affects the ability of
the dilated mass of coal to pressurise and therefore outburst. A basis for determining the importance of
this is presented.
The use of a safe stand-off distance for mining is put forward. It use is intended to place operators out
of the range of ejected material from coal bursts or outbursts. The most effective controls on the severity
of coal bursts is by destressing through the removal of material or by destroying cohesion away from
the workings so that strength and therefore stress is lost. The control on outbursting is primarily by gas
drainage. Other options are discussed in Gray et al (2021).
The case of outbursting from fine gouge material poses a completely different problem, and if this is
gassy then every effort should be made to determine the volume of such gouge material that may be
intersected. Mining should then be either avoided, or only be undertaken when very low gas pressures
have been achieved. A value of 0.5 MPa gauge pressure is suggested as the upper limit of mining
through gouge. The key to dealing with potential major pillar bursts is to ensure that large groups of
pillars are not critically stressed. This may mean mining to the extent that pillar failure is ensured but
that the post yield strength of the pillar is controlled by suitably ductile reinforcement.
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CRACK DAMAGE EVOLUTION IN COAL AT
ELEVATED TEMPERATURES
Mehdi Serati1*, King Ho Benny Kwan1, Nick Gordon2, Sasan
Moravej1, Mojtaba Bahaaddini3,4 and Ali Mirzaghorbanali5
ABSTRACT: This work studies the behaviour of coal samples at various thermal environments from
sub-zero temperatures of -100 to 300 °C by monitoring their fracture speed, ultimate strength, and crack
damage evolution mode. High-speed recordings captured at 140,000 frames per second identified three
different fracture evolution modes as a function of the applied ambient temperature. As the temperature
increases, the fracture behaviour was observed to be through intact rock bridges resulting in reduced
crack speeds and smaller fragments. Interestingly, at sub-zero temperatures, a different failure pattern
was observed through the formation of a single fracture plane resulting in larger fragments with sharper
edges.
INTRODUCTION
Fire in coal mines is one of the most feared hazards and a serious threat to the environment and mine
personnel that has been shown to shut down operations temporarily from weeks to months or
permanently. Surface and subsurface coal seam fires present complex design and mitigation challenges
such as elevating the levels of toxic particulate and carbon monoxide (i.e. creating poor air quality in
proximity to the affected area), unstable ground that can move, collapse or open up under residence’s
feet, and a highly flammable environment. Although rare, coal fires (particularly deep-seated) can burn
for decades. Causes of coal fires are various and could be (i) dust explosion, methane, or inflammable
gases ignition (e.g. caused by faulty open lamps, electric spark, flame from electric wires, personnel
smoking, a hot roller on a conveyor, or diesel engine overheating), (ii) frictional sparkling caused by work
activities (e.g. sparks from continuous mining machine), (iii) detonating an overcharged shot in a dusty
pillar section, or (iv) fire from outside the mine (e.g. a bush fire) entering the mine and igniting the
exposed coal. In addition, one of the biggest challenges of common fires is the cracks in coal that let
the fire go further deep within the crack system. Therefore, subsurface coal fires can particularly result
in heavy casualties, fatalities, and economic losses as illustrated in Fig. 1 - Note that an average cost
of a fatality of USD 2.57M and nonfatal injuries of USD 46,400 per incident were considered for the
generation of Fig. 1b as suggested by Camm and Girard-Dwyer (2004) to account for medical, legal,
administrative, lost benefits, property damage, worker’s compensation costs, and lost earnings. Out of
the top 100 most devastating coal fire incidents since 1900 worldwide, results suggest that the cost can
be as high as USD 1.0 billion in almost 40% of the time.
While the temperature in the fire zone during a coal seam fire can reach (and exceed in some cases)
1100 degrees, mechanical and strength parameters of coal during a fire are commonly studied under
four temperature ranges. This includes (Sahay, et al., 2014; Mishra, et al., 2018; Geng, et al., 2018;
Krzemien, 209; Su, et al., 2020):


Stage I from room temperature to 200 °C. In this temperature range, coal mechanical
parameters decrease gradually due to the loss of interlayer water and mineral bound water. As
a result, the load-bearing capacity, elasticity modulus, and tensile strength could each decrease
up to 20% while a slight reduction in coal density is also expected.



Stage II from 200 °C to 300 °C. The compressive strength, elasticity modulus and tensile
strength can plummet further up to 40%. In addition, the formation of intergranular cracks
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between coal mineral particles and a rapid decrease in coal density are often reported in this
temperature range due to continuous water loss and unwanted induced thermal stresses.


Stage III form 300 °C to 400 °C. In this stage, while almost all the existing mineral waters are
lost, the reduction in coal mechanical performance becomes less significant in Stage III
compared with the previous stage. Intergranular cracks continue to develop and coalesce
leading to further structural damages of coal.



Stage IV from 400 °C and above. In this stage, transcrystalline (through individual crystals as
opposed to between or around them) cracks start to form leading to large decay in the mineral
particles and a significant reduction of coal mechanical performances up to 70% and further.

Figure 1: Financial loss and the number of casualties and fatalities in the top devastating
coal mine fire incidents worldwide since 1900. Each dot represents a separate incident.
Using image processing and high-speed photography techniques, this study extends the previous works
by further investigating the fracture speed, crack damage mode, and the ultimate tensile strength of coal
samples under varying temperatures from -100 to 300 degrees.
EXPERIMENTAL SET-UP
A total of 32 Brazilian specimens were prepared and tested at -90, -60, -20, 80, 160, 240 and room
(25 °C) temperatures. Coal samples were supplied by the Ensham Coal Mine located 40 km east of
Emerald in Central Queensland, Australia. Samples were loaded in direct contact with Instron 4505
platens under a continuously increasing compressive load until failure, as suggested by the ASTM
(2016). A Phantom v2012 camera was used to capture the damage evolution at 140 kHz in each sample.
For each test, the load at failure, frame number at which the first crack was identified (and its
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corresponding force and deformations), and the sample’s tensile strength; were recorded. All tests were
conducted at 250 N/sec to be able to break the samples under one minute. Bulk density, (as received)
water content, and porosity were measured according to the ISRM recommendations (1977) as
1221 kg/m3, 7.64%, and 9.34%; respectively. To measure the porosity, coal samples were saturated for
24 hrs in a vacuum chamber and then dried in an oven for another 48 hrs at 60 degrees (instead of
105 °C due to the flammability of coal) before testing (Serati, 2020). An Instron Environmental chamber
3119-606 was also used to bring the samples’ temperature to the target temperature ranges (see Figure
2). The chamber can operate between -100 °C and +300 °C, and heating is achieved by passing air
over an electrically heated element. Cooling is also achieved by blowing liquid Nitrogen (LN2) into the
chamber through an optional cooling valve. The Environmental chamber was, in fact, used as an oven
or a freezer, depending on the desired temperature level in each test.

(a)

(b)

(c)

(d)

Figure 2: Experimental set-up and Thermogravimetric Analysis (TGA) results
The specimens were stored in the chamber for at least 2 hours, then taken out carefully and placed
immediately inside the loading frame within less than 30 seconds before testing. However, to ensure
safe testing conditions at high temperatures of 200 degrees and above, it was decided to further perform
a Thermogravimetric Analysis (TGA). TGA is an analytical technique that monitors the mass/weight
change of a substance when heated at a constant rate (PerkinElmer, 2015). A Netzsch STA 449 F3
thermal analyser was therefore used to perform the TGA tests at a heating rate of 20 °C/min from 25 to
800 °C under both air and nitrogen purging of 150 ml/min (see Fig. 2c). Results suggested that the
mass coefficient drops from 25 °C and then flattens out until 150 °C due to the loss of coal moisture.
After 150 °C, the decreasing trend became steady and then sharply accelerated after 340 °C (see
Fig. 2d). This is a temperature point that can be considered as the flare point of tested coal samples in
natural environments.
RESULTS AND DISCUSSIONS
Previous works by the authors suggest the potential formation of nine distinct fracture patterns during
the Brazilian test of a brittle solid, as depicted in Fig. 3 (Serati, et. Al, 2014; Serati, et. Al, 2015). This
includes the formation of (i and ii) a single straight fracture plane initiated from either the sample centre
or its vicinity that propagates radially in both directions towards the contact zones along the axis of
diametral compressive loading, (iii) several moderate-sized shear cracks in the vicinity of contacts once
a central tensile crack is fully propagated, (iv) a combination of burst-like failure, multiple cracking and
unwanted contact shear wedges, (v and vi) a straight, convex or concave fracture surface from contact
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points instead of the sample’s centre, (vii) coupled tensile and shear cracks happening simultaneously
near the disc centre, (viii) chips and fragments near the disc-platen contact zones, and (ix) small-scale
tensile and/or shear cracks at local points through intact rock bridges (i.e. non-persistent pre-existing
flaws) leading to the generation of a random fracture plane that follows the scale and distribution of
sample’s rock bridges. The more brittle and stronger the material, the higher the possibility of observing
multiple cracking and localised inverse shear conical plugs in the vicinity of contact points (i.e. crack
Type IV). In contrast, in samples with high anisotropy and a large number of randomly distributed small
fractures (e.g. coal), the crack Type IX has shown to be the dominant failure mode (Serati, 2021).

Figure 3: Different types of fracture patterns in Brazilian testing of a brittle solid
After careful examination of all high-speed recordings, it was concluded that:


Temperature variation not only induces a weakening effect on the material’s tensile strength but
also changes the fracture mode and the crack speed significantly.



The dominant fracture mode at sub-zero temperatures of -60 °C and below were identified as
Types I and II, leading to the largest fragment sizes after failure. At higher temperatures of 150
degrees and above, the sample failure was predominantly associated with crack Type IX
through rock bridges and pre-existing flaws. As a result, fragments were relatively smaller
forming a randomly ordinated fracture plane within the disc domain. At temperature ranges
between -20 to +80 degrees, a combination of all fracture types above were recorded with Type
III being the dominant failure mode. Consequently, variation in tensile strength was the highest
in this temperature range with a Coefficient of variation of up to 40%. This finding is of particular
safety interest since relates the temperature effect to the fracture mode and fragment size (see
also Fig. 4).



The weakest samples were recorded at sub-zero temperatures close to -100 degrees. The
potential reasons causing the weakening effect at low temperatures could be: (i) the pores and
matrix of coal at very low-temperature levels would significantly shrink, and (ii) strong bonding
in the bedding interface of original coal is weakened due to the subzero environment.



The effect of temperature on tensile crack speed in tested coal samples was marginal up to
160 °C. Above this temperature level, however, a significant reduction in the tensile crack speed
was observed that could be associated with the unique failure mode at high temperatures by
breaking through rock bridges in tension (or shear).

It is also worth noting that in crack Type IX, the visible macro cracks are always formed prior to the
sample reaching its ultimate tensile strength in the Brazilian test. In other words, the Brazilian test would
overestimate the material tensile strength when testing coal at very high temperatures. An adjustment
factor needs to be applied to the test results to compensate for the overestimation of the material’s
tensile strength.
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Increase in temperature from -90 °C to 300 °C

Generation and propagation of cracks in the Brazilian disc

Figure 4: Time-lapses of coal fracture pattern at different temperature levels

(a)

(b)

Figure 5: Variation of coal tensile strength and crack speed by temperature changes
CONCLUSIONS
A temperature change alters the rock structure through a range of physical and chemical reactions,
including dehydration, mineral breakdown, and phase shift, all of which could result in thermal damage
to the rock. Generally speaking, the higher the thermally induced microcracks in a rock sample, the
higher the reduction in rock's strength is expected. This study investigates the crack speed, failure
pattern and the ultimate strength of coal under varying temperature levels from -100 °C to 300 °C. Three
distinct cracking patterns were observed, including: (i) a single central tensile crack at very low
temperatures of -60 degrees and below, (ii) unwanted share wedges at contacts in temperature levels
between -20 °C to 80 °C, and (iii) progressive failure of intact rock bridges at very high temperatures of
160 degrees and above. The crack speed and size of fragments were further studied at various
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temperature ranges showing that the smallest fragments are formed in coal breakage at very high
temperatures.
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METHODOLOGY FOR PREDICTING EXPLOSION
RISK AROUND UNDERGROUND COAL MINE
OPENINGS TOWARDS DEVELOPING EXCLUSION
ZONES
Alex Remennikov1, Edward Chern Jinn Gan2, Soon Sien Tan3,
Bharath Belle4 and David Carey5
ABSTRACT: The risk of explosions in coal mines is an important subject that requires a comprehensive
understanding of explosion dynamics, mining operations, and mining safety. A high level of knowledge
is now available in the field of gas emissions, gas, and coal dust explosions in underground mines.
However, not sufficient attention has been given to the potential risks associated with explosive forces
expelled through the mine opening and resulting in injuries and fatalities to personnel (underground and
at the mine portal) and catastrophic infrastructure damage in proximity to the mine opening on the
surface. This paper presents a methodology for predicting explosion risk around the coal mine openings
(drifts, shafts, boreholes, etc). The proposed methodology is based on establishing an empirical
relationship between the parameters of blast overpressure waves emitting from mine entries and the
radial distance at an azimuth angle for the various magnitude of methane or coal dust explosions. An
Advanced Blast Simulator with the cross-sectional dimensions of 0.3 m x 0.3 m has been manufactured
for this study to conduct a series of experiments simulating blast waves exiting a portal entry and
propagating over an outside mine site terrain. An array of pressure sensors is placed along the centreline
and at several azimuth angles of the blast simulator and along a surface representing a highwall to
record the characteristics of blast overpressure waves. Computational Fluid Dynamics modelling of blast
wave propagation outside of mine openings is used to correlate the experimental results and scale them
up to full-scale dimensions of the coal mine infrastructure and mine sites. A procedure to estimate the
lethal ranges of projectiles from mine entries using existing guidelines from a military ammunition
storage reference manual is described. The outcome of this research will support the development of
scientifically defined exclusion zones around surface mine openings that could be affected by an
underground explosion event.
INTRODUCTION
Over the past century, the underground coal mining industry experienced a large number of explosions
leading to a considerable loss of life and severe destruction of surface infrastructure. National Institute
for Occupation Safety and Health (2019) recorded 503 cases of underground coal mine disasters
caused by methane-air and/or coal dust explosions with a total of 12 thousand recorded casualties.
While technological improvements and stricter safety regulations have reduced coal mining-related
fatalities, accidents are still too common. Looking back as close as November 19th 2010, the Pike River
coal mine located northeast of Greymouth in New Zealand exploded, trapping miners underground and
ultimately claiming twenty-nine miners underground (Mine Accident and Disaster Database 2021b).
Significant research efforts worldwide have been directed at investigating the prevention and
minimisation of the effects of explosions in underground coal mines. However, not sufficient attention
has been given to the potential risks associated with explosive forces expelled through the mine opening
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and resulting in injuries and infrastructure damage in proximity to the mine opening on the surface.
Although mine accidents have notably reduced due to the advancement of coal mining industry
regulations and associated controls, the high-risk exclusion zone around mine entrances has been
proven to be insufficient. After the Pike River explosion, Australian coal industry (Y2012) reassessed
the applicability of the standards previously used in the industry to design explosion protection of coal
mines. The review identified shortcomings with the current scientific knowledge on the basis and
expectation to comply with the Reg 156 (Coal Mining Health and Safety Act of 1999) on various
explosion panel ratings and informal guidance values of exclusion zones of up to 500 m. The review
also resulted with proposals to carry out separate ACARP funded and industry coordinated research
to address this shortcoming (B Belle, 2012, Personal Communication, Anglo American Coal). Although
several operation guidelines and regulations are currently put in place to establish a high-risk zone
around mine portals and ventilation shafts, there is an inadequate scientific basis to support the zone
dimensions suggested in the Queensland Mines Rescue Services document (MIU-931 2019).
Past events such as the Raspadskaya mine and the West Wallsend mine disaster illustrated in Figure
1 highlights significant infrastructure damage near the mine opening after the underground explosion
(Australasian Mine Safety Journal 2020; Living Histories 2017; Mine Accident and Disaster Database).
In addition to air blast propagation, further investigation reveals the hazardous effect of structural debris
and projectiles on surface structures and personnel in the vicinity of the mine entrance. Historical records
(Figure 2) such as Kainga No.1 Mine and Mount Mulligan Mine reveal large debris such as machinery,
belt-rollers and even large rocks were blown out up to several hundred meters away from the mine
entrance (Australasian Mine Safety Journal 2019; Loane and Queensland 1975).

(a)

(b)

Figure 1: (a) The ventilation shaft of West Wallsend was thrown off by the explosion (Living
Histories 2017), and (b) infrastructure facilities were damaged by the explosion in proximity to
the Raspadskaya mine entrance (Mine Accident and Disaster Database 2021c)

(a)

(b)

Figure 2: (a) A motor vehicle that was parked at the top of the incline of Kainga No. 1 mine
entrance was found flipped and damaged beyond repair (Mine Accident and Disaster Database
2021a), and (b) several large cable drums were found 15 meters away from the Mount Mulligan
mine entrance after the underground explosion (Rigby and Mounter 2016)
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Several previous studies on determining the safe exclusion zones for underground ammunition storages
have developed empirical relationships to estimate blast wave characteristics as a function of azimuth
angle and distance from the tunnel exit as the blast wave propagates into an open space (Helseth 1985;
Kingery 1989; Skjeltorp et al. 1977; Swisdak and Ward 2000). Although the environment and explosion
sources can be different, some of the studies can be relevant to underground mine explosions. Blast
parameters such as peak overpressures, duration and impulses estimated by the empirical formulas
can be characterised into explosion risks by relating them to personnel injury and structural damage
thresholds compiled by the NATO manual for safety principles of storage of military ammunition and
explosives (AASTP-1 2010).
This paper proposes a methodology for predicting explosion risk around different types of mine entries
to develop scientifically established exclusion zones that comprehensively consider the effects of blast
waves and projectiles emanating from mine entries.
DEVELOPMENT OF METHODOLOGY TO DEFINE EXCLUSION ZONES FROM MINE ENTRIES
Physical Simulation of Blast Waves Emanating from Mine Openings
To investigate the propagation of blast waves exiting mine entrances and over an outside mine site
terrain, an Advanced Blast Simulator (ABS) with the cross-sectional dimensions of 0.3 m x 0.3 m was
fabricated (Figure 3). The simulator is based on the ABS concept which is specially designed to
generate shock or overpressure waves that replicate the wave dynamics of an actual free-field explosive
blast (Gan et al. 2020). The Driver of the ABS has a divergent wedge-shaped profile and operates by
the detonation of the oxy-acetylene mixture to generate a propagating shock wave. The characteristic
blast wave shape is created by the expansion of the gas out of the divergent Driver and through the
initial divergent Transition Section; once formed, the wave is smoothly re-converged into the Test
Section before eventually exiting the ABS into the open space as a propagating shock front.

(a)

(b)

Figure 3: (a) 0.3 m x 0.3 m Advanced Blast Simulator (ABS); (b) main components of the ABS
For this study, the ABS was set-up with three configurations to represent different types of mine entries:
portal into highwall, standalone portal, and a mine shaft (Figure 4). In addition to measurements of blast
pressures at the ABS exit, pressure transducers were mounted outside on baffle plates (for measuring
static overpressures) and pitot-static probes (to determine dynamic pressures) as an array along the
centreline and on the vertical flange (surrounding the ABS exit) at 1 m intervals from the ABS exit. The
ABS was rotated (i.e., 0˚, 30˚, and 60˚) to characterise the outside blast environment at different
azimuths. A high-speed data acquisition system (Synergy P Portable; Hi-Techniques, Inc.) was used to
record data at a sampling rate of 500 kHz.
A sample of eight experimental tests performed with the ABS with either 1.75 L or 7 L of oxy-acetylene
filled in the Driver of the ABS (see Figure 3) to vary the blast wave strength were used for analyses.
These tests simulated the effect of blast waves propagating out of the portal into highwall (Figure 5).
When the results were divided with the ABS exit pressure and ABS diameter, a consistent trend of
pressure ratio 𝑃/𝑃𝑝𝑜𝑟𝑡𝑎𝑙 vs. distance ratio 𝑅/𝐷𝑝𝑜𝑟𝑡𝑎𝑙 is observed for all results regardless of differences
with the blast wave strengths (see Figure 6). 𝑃 is peak overpressure determined, 𝑃𝑝𝑜𝑟𝑡𝑎𝑙 is the peak
overpressure at the portal, 𝑅 is the outside distance from the ABS exit, 𝐷𝑝𝑜𝑟𝑡𝑎𝑙 is the diameter of the
ABS exit.
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(a)

(b)

(c)
Figure 4: Experimental setups for physical simulation of blast propagation from different mine
openings: (a) portal into highwall; (b) standalone portal; (c) shaft

Figure 5: Blast simulator setup for characterising blast wave propagation from mine portal
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Figure 6: Several experimental tests superimposed. Consistent trend along the ABS centreline
(i.e., 0˚) generated regardless of the volume of gas mixtures in the Driver of the ABS (i.e.,
detonation chamber)
Figure 7 presents examples of blast wave records for the laboratory ABS exit pressures of 70 kPa
(Figure 7a) and 170 kPa (Figure 7b) at varying distances from the ABS exit along the centreline. The
records illustrate that peak static overpressure reduces considerably as blast wave propagates away
from the ABS exit.

(a)

(b)

Figure 7: Experimental records recorded at the ABS exit and several locations away from the
exit along the centreline: (a) 1.75 L Driver; 70 kPa portal; (b) 7 L Driver; 170 kPa portal
Figure 8 compares the blast wave records taken at various angles with respect to the ABS centreline 1
m from the ABS exit. The 90˚ record is taken from a pressure transducer mounted on the vertical flange
which represents a highwall. The plots indicate that the most severe conditions are generated along the
centreline axis (i.e., 0˚) with peak overpressure reducing according to the azimuth angle. Interestingly,
while the least severe conditions were generated at the 90˚ angle, the blast or explosion overpressure
wave appears to arrive soonest at the 90˚ and latest along the centreline (i.e., 0˚).
The preliminary experimental results presented in this section will be correlated with the numerical
models in the next sections.
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Figure 8: Comparison of blast wave records generated with a 1.75 L Driver and measured at
different azimuth angles from the ABS centreline. All angles are at 1 m from the exit
Numerical Simulation of Blast Waves Emanating from Mine Openings
Numerical models based on Computational Fluid Dynamics (CFD) were developed with the Viper::Blast
software (Stirling Simulation Services Limited 2020) (Figure 9). The models were based on the
laboratory ABS described in the previous section and were employed to correlate the experimental
results, validate the scalability of the results to full-scale dimensions of coal mine infrastructure, and
develop visualisations of blast pressure contour maps for characterising the blast environment outside
different mine openings and configurations (Table 1).

Figure 9: Pressure contours from CFD model showing blast wave propagation from ABS exit
(representing mine portal) at snapshots up to 12 ms after detonation
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Table 1: Configurations tested to evaluate external blast environment from different openings
Mine Opening Type
Square Portal
Rectangular Portal
Round Portal
Square Portal
Shaft

Configuration
Portal into highwall
Standalone portal
Shaft without ventilation infrastructure

Applicable For:

Drifts, slopes, etc

Shafts, boreholes, etc

The CFD results were validated with small-scale laboratory experimental testing and existing empirical
relationships of blast wave parameters given as a function of azimuth angle and distance from the tunnel
exit taken from previous research on underground munition storage explosions from the open literature
and military documents. Figure 10 compares results for pressure ratio 𝑃/𝑃𝑝𝑜𝑟𝑡𝑎𝑙 vs. distance ratio
𝑅/𝐷𝑝𝑜𝑟𝑡𝑎𝑙 generated with the CFD model for standalone square portal with existing empirical equations
(Helseth 1985; Kingery 1989; Skjeltorp et al. 1977; Swisdak and Ward 2000) along the centreline of the
tunnel (0˚). This figure demonstrates that the CFD model correlates well with other existing equations
and the experimental results in this paper.

Figure 10: Comparison of CFD model and experimental results in this study with empirical
equations from previous studies of blast propagation from ammunition storage tunnels
The scalability of the results generated by the 0.3 m x 0.3 m ABS was also confirmed and validated.
CFD models with an adit cross-section of 0.3 m x 0.3 m and 3 m x 3 m to represent small-scale and fullscale dimensions of mines, respectively were used to generate contours of peak static overpressure.
When the results were divided with the portal exit pressure and effective portal diameters, all differences
resulting from the length scales become cancelled out and identical contours are generated. This
confirms that the results generated from the 0.3 m x 0.3 m ABS model are valid and applicable for
characterising the blast environment of full-scale mine openings.
Generation of External Blast Environments in Proximity to Different Mine Openings
This section investigates the external blast environment in proximity to different types of common mine
openings generated with the CFD models. Where applicable, the results in this paper are provided as
ratios of effective portal diameters (𝑅/𝐷𝑝𝑜𝑟𝑡𝑎𝑙 ) and ratios of portal pressures (𝑃/𝑃𝑝𝑜𝑟𝑡𝑎𝑙 ). This enables
external blast environments to be characterised for a wide range of mine openings of different diameters,
shapes, and portal conditions. Results can then be calculated and read in meters and kPa (pressure)
by multiplying lengths with effective portal diameters and portal pressures.
Figures 11 to 14 present contours of blast overpressures that characterise the blast environment
outside of different mine opening types and scenarios. In these figures, it can be observed that blast
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pressures dissipate with distance away from the mine opening. The contours visualise the effect of
directionality with the most severe blast environment occurring along the centreline of the opening and
decreasing in severity with azimuth angle at the same distance.
Portal into Highwall (Plan View) vs. Shaft (Side View)

Highwall

Ground Level

Plan View

Side View

(a)

(b)

Figure 11: Comparison of peak static overpressure contours for (a) portal into highwall (plan
view) and (b) vertical shaft without infrastructure (side view)
The blast pressure contours of portals differ from shafts in terms of the orientation of the opening. Portals
are typically oriented along the horizontal ground surface while shafts are oriented vertically. Their
distinctions can be best visualised by comparing the contours in Figure 11. As the most hazardous blast
environments are most critical along the centreline of the opening, shafts generate a smaller danger
zone as compared to portals. This is because the most severe blast conditions occur along the centreline
of the mine opening. The centreline of a shaft opening is directed upwards away from the ground level.
Blast pressures dissipate quickly away along horizontal (ground) distance from shafts, where it would
only take 2 to 3 shaft diameters to dissipate blast pressures to 10% from the conditions at the exit. In
contrast with portals, about 5 portal diameters are required to dissipate blast waves to 10% of portal
conditions. Note that the present study conservatively considers exhaust shafts without the ventilation
infrastructure (e.g., elbows, collars, connections, etc) and simply as a vertical opening in the ground)
due to complexity and unknowns to the connection strengths. Several CFD modelling studies have been
carried out by the coal mining operators for the shaft exhaust fan infrastructure to qualitatively
understand the likely impact of blast overpressures on the main fans and the applicability of the 70 kPa
recommendations (B Belle, 2012, Personal Communication, Anglo American Coal).
A portal could be a standalone structure or surrounded by a surface. Figure 12 evaluates the influence
of the surrounding surface around a portal on the resulting static blast pressure contours. The
surrounding surface appears to influence only the distribution of pressures in the direction perpendicular
to the portal and in close proximity from the portal. The results generated along the centreline of the
portal are unaffected by the surrounding surface.
The effects of different portal shapes on the blast environment are also evaluated in Figure 13. Nearly
identical blast pressure contours are produced when the distances are divided with the effective portal
diameters. This validates the use of the effective diameter of portal openings as a single parameter to
characterise other portal shapes. For example, the effective diameter for a rectangular portal of 4 m x 6
m cross-section would be 5 m. While the variation between the contours is insignificant, the square
portals generate the most conservative results overall while the circular portals generate the least severe
blast pressure conditions.
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Portal into Highwall vs. Standalone Portal

Highwall
Plan View

(a)

(b)

Figure 12: Comparison of peak static overpressure contours for (a) portal into highwall and (b)
standalone portal

Square vs. Rectangular vs. Round Portals

Highwall

Highwall

Highwall

(b)

(c)

Plan View

(a)

Figure 13: Comparison of peak static overpressure contours for (a) square portal, (b)
rectangular portal, and (c) round portal
Figure 14 compares the influence of different portal pressures (i.e., 70 kPa vs. 170 kPa) on the blast
pressure contours. As the blast pressure contours have been divided with the pressures at the portal,
the resulting contours become nearly identical. This demonstrates that, as a technical guidance, it is
appropriate to employ these scaled contours to determine outside blast environments of mine openings
with other pressures (i.e., by multiplying with new mine opening pressures).
The presented results validate the robustness of the methodology of using scaled blast pressure
contours given as ratios as they can be scaled for different shapes, dimensions, and portal exit
pressures. A case study will be provided later to demonstrate the application of the scaled blast pressure
contours for developing safety distances.
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70 kPa Portal vs. 170 kPa Portal

Highwall

Highwall
Plan View

(a)

(b)

Figure 14: Comparison of peak static overpressure contours for (a) 70 kPa portal and (b) 170
kPa portal
Development of Exclusion Zones for Projectiles and Debris Throw from Mine Opening
In addition to hazards associated with the effects of blast waves as discussed in the previous sections,
an underground mine explosion could also cause lethal debris and fragments to be propelled over a
significant distance from a mine opening.
Guidelines to develop exclusion zones for lethal debris projectiles from an opening of an underground
facility can be found in the NATO manual for safety principles of storage of military ammunition and
explosives in Part III, Chapter 3, Section IV-2 (AASTP-1 2010). The debris defined by NATO consists of
parts of ammunition and its packaging, technical installations such as ventilation equipment, doors and
firefighting installations, chamber and adit lining and other reinforced concrete construction elements as
well as of rock rubble produced by the explosion effects. In the absence of any previous mining specific
methane or coal dust explosion references, these military ammunition storage guidelines could be
credibly adopted in the interim for underground mine facilities due to similarities in the adit/portal
configuration and type of debris.
The NATO manual provides empirical equations which consider the magnitude of the explosion, length
of the adit, and average adit diameter to determine the spread of lethal fragments as a clover leafshaped contour line. The contour line describes a range containing 1 hazardous fragment (≥ 80 J) per
56 m2 (see Figure 15). By combining the clover-shaped contour line plotted using NATO’s methodology
for debris throw with the blast pressure contours provided in the previous sections, a comprehensive
exclusion zone from a mine opening that considers both the effects of blast waves and projectiles/ejecta
could be developed. This will be discussed in the next section.

Figure 15: Clover-shaped contour line describing the range of lethal fragments from a portal.
Adapted from AASTP-1 (2010)
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Methodology for Developing Exclusion Zones Around Mine Opening
This section aims to consolidate the lessons of the previous sections and introduce a step-by-step
methodology for developing exclusion zones from mine openings which accounts for both the effects of
blast and projectiles/ejecta of material, debris and objects.
In summary, the steps to generate appropriate guidance on safety distances from underground mine
openings are as follows:
1) Select realistic scenario and appropriate blast pressure contour for scenario (i.e., for a portal
into highwall or standalone portal) (see Figures 11 to 14). Multiply x and y axes (i.e., Distance
/ Effective Portal Diameter) by effective portal diameter. Multiply shaded contour area with portal
pressure;
2) Develop clover-leaf shaped contour line to determine lethal fragment/projectile range using
NATO manual (AASTP-1 2010) (see Figure 15);
3) Combine contours of blast wave effects and lethal fragment/projectile range;
4) Estimate possible damage and injury according to determined blast overpressure levels and
industry-approved guidelines or standards for evaluating explosion hazards;
5) Develop exclusion zone according to explosion risk and damage/injury criteria.
A case study for a 70 kPa blast pressure at the portal with a 1 km long adit with a 3 m x 3 m crosssection is used as an example. For plotting the lethal fragment range, a 100 kg TNT was used as input
to generate a 70 kPa portal pressure 1 km away from the charge. The charge size was estimated with
a CFD model of a 1 km long square tunnel with a 3 m x 3 m cross-section to generate a 70 kPa portal
pressure. Figure 16 illustrates the exclusion zone developed for this case based on the physics of blast
propagation and projectile throw predictions. Straight lines were used for the conservative definition of
the exclusion zone to identify zones of blast and projectile risks.

Figure 16: Proposed science-based exclusion zone for a portal with 70 kPa exit pressure
As a comparison to the proposed exclusion zone illustrated in Figure 16, Figure 17 presents the current
QMRS-established High Risk Zone defined around mine portals and shafts in the QMRS Inertisation
(MIU) Operational Procedure (MIU-931 2019). The High Risk Zone is defined to be:
1) The area at 90 degrees from the portal entrance, for 250 m, extending out 1000m;
2) 150 m in all directions for vertical shafts greater than 2 m in diameter and 500 m upward;
3) 50 m in all directions for vertical boreholes/shafts from 0.5 m up to 2 m in diameter and 250 m
upward unless a blast shield is fitted;
4) 5 m in all directions for vertical boreholes under 0.5 m in diameter and 250 m upward.
It should be noted that this exclusion zone recommendation is only implemented for GAG operations
and does not extend to other cases even when an explosion risk is likely present before the
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commencement of the GAG operations. Parcell (2014) provided a review of the high-risk zone illustrated
in Figure 17 with the main criticism given for misleading and confusing dimensions and that the width
of the portal being excessive; however, still recommending the adoption of this standard in the interim
considering a current lack of a scientifically established high risk zone. The methodology for scientifically
determining exclusion zones around mine openings proposed in this paper aims to be employed as a
scientific evidence based approach to develop appropriate exclusion zones for future mine safety
guidelines around mine openings.

Figure 17: High risk zones as presented in the QMRS Inertisation (MIU) Operational Procedure
(MIU-931 2019)
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CONCLUSION
There exists a significant gap in existing mining safety standards resulting in the usage of highly
conservative safety distances/exclusion zones due to a lack of understanding or scientific-driven
guidelines. This study aims to address this with the development of a methodology to predict explosion
risk and appropriate exclusion zones from different mine entries (i.e., a portal into highwall, standalone
portals, and shafts). A 0.3 m x 0.3 m Advanced Blast Simulator was fabricated and employed to conduct
experiments of blast overpressure wave propagating from different types of mine openings into the open
space. The results collected from pressure gauges were used to calibrate Computational Fluid
Dynamics models developed for correlating the experimental results, validating that the results could be
scaled up to full-scale dimensions of actual coal mine infrastructure, and develop blast contour maps to
visualise the outside blast environment beyond the mine openings. It was demonstrated that when the
results were given in the form of ratios of effective mine opening diameters and ratios of mine opening
pressures, the scaled contours could represent and predict outside blast environments of different
opening shapes, dimensions, and pressures at the mine opening. The models indicate that the most
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severe outside blast environment would be generated from square portals into highwall while the least
severe would be from mine shafts. The findings from the study were consolidated with steps given to
generate exclusion zones from mine openings from the risk of blast waves and projectiles as a result of
underground mine gas or coal dust explosions. A case study was provided towards the end of the paper
as an example.
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LABORATORY EVALUATION OF VENTILATION
EFFECTS ON SELF-HEATING INCUBATION
BEHAVIOUR OF A HIGH VOLATILE BITUMINOUS
COAL
Basil Beamish1 and Jan Theiler2
ABSTRACT: The concept of a “critical velocity zone” in the longwall goaf environment for the
development of a spontaneous combustion event has been supported by numerical modelling. However,
there is no experimental data available for Australian coals to show ventilation effects on the self-heating
incubation behaviour of broken coal in the longwall goaf. Recent incubation testing has been completed
on a high volatile bituminous coal with an R70 self-heating rate value of 3.86 °C/h and a moisture content
of 11.3% using flow rates indicative of sluggish ventilation, natural air leakage ventilation and medium
ventilation. At the higher medium ventilation flow rate, the coal initially self-heats to approximately 8 °C
above mine ambient temperature, before heat loss from moisture evaporation dominates and the coal
begins to decrease in temperature. Under the natural air leakage flow rate, the coal self-heats to 28 °C
above mine ambient temperature before heat loss again takes over due to moisture evaporation.
However, at the sluggish ventilation flow rate the coal is able to incubate to thermal runaway after an
extended period indicative of a site equivalent timeframe of approximately 3 years. These preliminary
results are consistent with the “critical velocity zone” for hotspot development. They also have
implications for the concept of hotspot migration.
INTRODUCTION
The influence of mine ventilation on the possible location for the development of a spontaneous
combustion event in a longwall mining environment is illustrated in Figure 1 in terms of the presence of
a “critical velocity zone” (Smith et al., 1994). This concept highlights that in the immediate face area
adjacent to the goaf fringe the air velocity is too high for heat to accumulate, but as the distance
increases into the goaf the air velocity decreases to a critical zone where there is insufficient heat
dissipation and a sufficient supply of oxygen to support self-heating. Consequently, in the event of a
prolonged face stoppage ideal conditions may be present to allow a caved coal pile to incubate to
thermal runaway. Deeper into the goaf the atmosphere becomes too oxygen deficient to support selfheating. While numerical modelling (principally CFD modelling – Yuan and Smith, 2008; Song et al.,
2017) has often been used in support of this concept, there is no experimental data available for
Australian coals to show ventilation effects on the self-heating incubation behaviour of broken coal in
the longwall goaf environment.
Laboratory experiments have been conducted on US coal samples using flow rates ranging from 100 to
500 mL/min and a sample mass of 150 g (Yuan and Smith, 2012). The flow to mass ratio used in these
experiments is much too high to replicate site conditions, and causes evaporation to dominate the heat
balance in favour of heat loss. Hence, they partially dried the coal samples prior to testing and heated
the coal to a temperature in excess of 100°C to create a heat balance where heat gain could be achieved
to produce thermal runaway. For the three US coals tested a different combination of flow rate and
applied temperature increase was necessary for each coal to induce heat gain to thermal runaway.
Consequently, practical demonstration and characterisation of ventilation flow rate effects are lacking,
particularly with respect to the range of coals being mined in Australia.
Until recently, existing spontaneous combustion index tests have produced relative ratings of
spontaneous combustion propensity. These tests do not provide any context of the self-heating
behaviour in an actual mine environment and they do not indicate any timeframe for an event to occur
under mine site conditions. However, a new adiabatic Incubation Test method is now available that
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overcomes these deficiencies (Beamish and Theiler, 2019) and makes it possible to replicate sitespecific conditions including different mine ventilation flow rate scenarios. This paper presents the
Incubation Test results for a high volatile bituminous coal using three different flow rates indicative of
sluggish ventilation, natural air leakage ventilation and medium ventilation, where the natural air leakage
flow rate is double the sluggish flow rate and the medium ventilation flow rate is double that again.

Figure 1: Schematic diagram of ventilation flow in the vicinity of the goaf fringe on a longwall
face (from Smith et al., 1994)
SAMPLE DESCRIPTION AND ANALYTICAL DATA
The coal sample is from an underground mine in Australia and is high volatile B bituminous in rank. The
mine has recorded minor heating events in the past, with minimal disruption to production. Proximate
analysis, ultimate analysis and calorific value results for the coal are contained in Table 1.
Table 1: Analytical data for a high volatile bituminous coal sample
Proximate Analysis (air-dried basis)
Moisture (%)
Ash (%)
Volatile Matter (%)
Fixed Carbon (%)
Total Sulphur (%)
Calorific Value (MJ/kg)
Ultimate Analysis (dry ash-free basis)
Carbon (%)
Hydrogen (%)
Nitrogen (%)
Sulphur (%)
Oxygen (%)
ASTM Rank

6.1
5.2
24.0
64.7
0.32
30.42
85.7
4.43
1.92
0.36
7.6
hvBb

SELF-HEATING TEST PROCEDURES
Adiabatic oven R70 self-heating rate
Full details of the adiabatic oven are given in Beamish, Barakat and St George (2000). The sample to
be tested is crushed and sieved to <212 m in as short a time as possible to minimise the effects of
oxidation on fresh surfaces created by the grinding of the coal. A 150 g sample is placed in a 750 mL
volumetric flask and a unidirectional flow of nitrogen at 250 mL/min applied to the flask inside a drying
oven. Precautions are taken to ensure the exclusion of oxygen from the vessel prior to heating the coal
for drying. Hence, the air is flushed from the system at room temperature for a period of one hour. After
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one hour, the oven is ramped up to 110 C and the coal is dried under nitrogen for at least 16 h to ensure
complete drying of the sample. All R70 tests are performed on a dry basis to standardise the test results.
At the completion of drying, the coal is transferred into the reaction vessel and left to stabilise at 40 C
in the adiabatic oven with nitrogen passing through it. The reaction vessel is a 450 mL thermos flask
inner. When the sample temperature has stabilised, the oven is switched to remote monitoring mode.
This enables the oven to track and match the coal temperature rise due to oxidation. The gas selection
switch is turned to oxygen with a constant flow rate of 50 mL/min. The temperature change of the coal
with time is recorded by a datalogging system for later analysis. The oven limit switch is set at 160 C
to cut off the power to the oven, and stop the oxygen flowing when the sample reaches this temperature.
When the oven cools down, the sample is removed from the reaction vessel, which is then cleaned in
preparation for the next test. The results are used to classify the intrinsic spontaneous combustion
propensity of the sample according to the rating scheme published by Beamish and Beamish (2011).
Adiabatic oven self-heating incubation
This test is designed to replicate true self-heating behaviour from low ambient temperature. As such,
the normal in-mine temperature is used as the starting point for the test. The nature of the test also
assumes that in the real operational situation there is a critical pile thickness present that minimises any
heat dissipation (represented by the adiabatic oven testing environment) and there is a sufficient supply
of oxygen present to maintain the oxidation reaction. A larger sample mass and lower oxygen flow rate
is used, compared to the R70 test method, to produce conditions that more closely match reality
(Beamish and Beamish, 2011). The sample either reaches thermal runaway, or begins to lose heat due
to insufficient intrinsic reactivity to overcome heat loss from moisture release/evaporation and/or heat
sink effects from non-reactive mineral matter. The results are used to characterise the self-heating
incubation behaviour of the sample as well as quantify if thermal runaway is possible and if so, does this
occur in a practical timeframe for the mine site conditions.
ADIABATIC SELF-HEATING RESULTS AND DISCUSSION
Intrinsic spontaneous combustion propensity
The R70 value for the coal sample is 3.86 °C/h as shown in Figure 2, which indicates an intrinsic
spontaneous combustion propensity rating of high for Bowen Basin conditions or alternatively a rating
of medium for Sydney Basin conditions. This rating does not take into account any moderating selfheating effect of the moisture content that is present in the coal since the R 70 value is obtained on a dry
basis with the moisture removed. Also, like the majority of spontaneous combustion index parameters,
the R70 value does not provide any indication of the timeframe for a heating to develop to thermal
runaway.

Figure 2: Adiabatic R70 self-heating rate results for a high volatile bituminous coal

University of Wollongong, University of Southern Queensland, February 2022

141

2022 Resource Operators Conference (ROC 2022)

Self-heating incubation behaviour under different flow rate conditions
Using a medium ventilation flow rate of 20 mL/min the coal initially self-heats from the start temperature
of 27.0 °C in the Incubation Test as shown in Figure 3. However, it only reaches a maximum
temperature of 35.2 °C before evaporative heat loss overcomes the heat released from oxidation. The
laboratory hours obtained from the test have been converted to a site equivalent timeframe based on
case study benchmark results, which indicates that it takes 8 days to reach the maximum temperature.
After 48 days the temperature of the coal has dropped to 29.0 °C and it is apparent that no thermal
runaway is possible under this ventilation scenario. When the flow rate is reduced by half to 10 mL/min,
replicating natural air leakage, the coal again initially self-heats and reaches a maximum temperature of
55.0 °C in a site equivalent timeframe of almost 43 days as shown in Figure 4. Evaporative heat loss
then takes over and the coal temperature falls to 45.0 °C after 102 days.

Figure 3: Adiabatic Incubation Test results for a high volatile bituminous coal under a medium
ventilation flow rate

Figure 4: Adiabatic Incubation Test results for a high volatile bituminous coal under a natural
air leakage flow rate
When the flow rate is reduced to 5 mL/min, replicating sluggish ventilation, the coal steadily self-heats
to reach a temperature of 80.0 °C over a site equivalent timeframe of approximately 147 days as shown
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in Figure 5. Evaporative heat loss then reduces the self-heating rate for an extended period of time in
the order of 890 days till the coal reaches 105.0 °C. Over the next 40 days the coal locally dries out and
a well-defined hotspot develops that is then capable of self-heating and migrating to thermal runaway.
The timeframe error bars shown in Figure 5 are the minimum incubation period lower and upper limits
for the coal under the sluggish ventilation flow rate conditions.

Figure 5: Adiabatic Incubation Test results for a high volatile bituminous coal under a sluggish
ventilation flow rate
From the incubation test results it can be inferred that the critical velocity zone for a hotspot to develop
into a heating event for this coal is where sluggish ventilation conditions occur. This would be at some
distance in from the goaf fringe. In addition, once the hotspot has developed and reached a temperature
in the order of 120 °C in the broken coal pile it would begin to migrate upwind and progressively move
into a higher flow rate environment until such time as it reaches a free surface where ignition becomes
possible. Figure 6 shows the difference in thermal runaway behaviour created by the migrating hotspot,
which is primarily related to greater oxygen availability in the higher flow rate environment. It can be
seen that there is a rapid escalation in the hotspot temperature over a short period of time in the order
of one to two days in the case of this particular coal once the hotspot begins to migrate.

Figure 6: Adiabatic Incubation Test results for thermal runaway of a high volatile bituminous
coal under sluggish ventilation and natural air leakage ventilation flow rates
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CONCLUSIONS
Testing of a high volatile bituminous coal sample using the adiabatic Incubation Test procedure has
confirmed that a “critical velocity zone” exists where the flow rate conditions are ideal for a hotspot to
develop from coal self-heating. For the intrinsic reactivity and moisture content of this coal it can be seen
that a sluggish ventilation flow rate condition creates the ideal environment for self-heating to incubate
and progress to thermal runaway. The location of the hotspot development would need to be a
considerable distance in from the goaf fringe, otherwise heat dissipation created by higher flow rate
conditions would enable evaporative heat loss to dominate and prevent the coal from reaching thermal
runaway. As long as the longwall face continues to retreat, this goldilocks zone would not be an issue
for this particular coal as the minimum incubation period is in the order of 3 years. However, if this coal
were present in older workings of a bord and pillar operation the likelihood of developing a spontaneous
combustion event would be increased if the workings were kept open for an extended period of time
under a sluggish ventilation regime.
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SOME OPERATIONAL PERSPECTIVES ON
SPONTANEOUS COMBUSTION MANAGEMENT OF A
LONGWALL GOAF
Owen Salisbury1, Gerald Linde2 and Basil Beamish3
ABSTRACT: In Australian underground coal mines spontaneous combustion management of the goaf
environment revolves around the use of a Trigger Action Response Plan (TARP). When appropriately
designed the TARP is a very effective frontline tool for spontaneous combustion hazard management.
However, other supplementary management tools including a highly skilled interactive management
team are needed to ensure spontaneous combustion management of the goaf is effectively controlled
to minimise the risk of an event developing and subsequently escalating. This philosophy has been
adopted at the Narrabri Coal Operations (NCO) in New South Wales. This paper presents a reflection
on the mind set and processes adopted at NCO and shows how controls such as gas monitoring,
ventilation practices and the introduction of foam has enabled the mine to successfully manage and
control the longwall (LW) goaf environment.
BACKGROUND
NCO is located in the Gunnedah Basin 28 km south of Narrabri shown in Figure 1. NCO exports a high
energy thermal and mid volatile PCI with low ash, low sulphur and low phosphorus. LW operations
commenced in 2012. General operating parameters are 9-10 m thick seam, coal strength 20-30 MPa,
depth of cover 200 – 420 m, conglomerate unit 20-30 m thick above the seam, 400 m wide LW with thee
heading gateroads, and ventilation quantities of 450 m3/s at 4 kPa.
NCO coal has gas contents up to 14 m3/t with Carbon Dioxide (CO2) being the predominant seam gas
and a high propensity to spontaneous combustion and in the initial 6 yrs of LW mining no spontaneous
combustion events were detected. Since September 2018 NCO has successfully dealt with four
spontaneous combustion events.

Figure 1: Narrabri Mine location
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EVENT 1
On 4th September 2018 during LW107 recovery Ethylene (C 2H4) was detected in a routine daily bag
sample required by a Level 2 Oxygen (O 2) trigger with values shown in Figure 2. The location was
approximately 1000 m behind the recovery face position.

Figure 2: C2H4 at MG107 10ct and 12ct
An Incident Management Team (IMT) was formed to manage the event. Major actions initiated were:








Unnecessary work including LW recovery was halted
Nitrogen (N2) injection was commenced at 11ct utilising onsite capability.
Mineshield, additional N2 units and foam units were mobilised to site
Boreholes drilled into the goaf for inertisations
External experts consulted
10/8 – LW recovery recommenced as data indicated the heating was contained and not escalating
21/8 – After recovery of all equipment, the LW was sealed with rapid inertisations of the entire
goaf

An important consideration for the mine was maintaining the low oxygen goaf environment as the
adjacent LW was retreated. Strata conditions in the area required additional ground consolidation and
support. Dual LW return roadways allowed a N2 chamber to be established in B heading (hdg) as a
control measure for potential seal or strata failure in the area of the spontaneous combustion event.
LW108 mining did not impact LW107 goaf with no re-activation detected.
As a result of this event, NCO:





Installed a new 40 point tube bundle system increasing the system capacity to 60 points.
Installed Carbofill or Flyash plugs along the Maingate (MG) goaf as a means to reduce O 2
ingress along the MG goaf rib line.
Utilise pre-drainage seam gas, which is predominately CO2 to assist with inertisation of the goaf
Investigated N2 versus CO2 application as inertisation options
EVENT 2

On 8th May 2019 a benzene smell was intermittently detected in the TG just outbye of the LW face. Due
to poor strata conditions bulk head had been installed on both ribs and additional standing support which
significantly reduced the cross-sectional area of the roadway see Figure 3. The roof strata was
significantly fractured. Temperature monitoring was installed in the roof strata and indicated elevated
temperature around 45 C.
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Figure 3: TG Roadway with bulkheads and standing support
Remedial actions taken were:





Grouting of the strata
Water injection at various injection points, which was maintained until the area was mined
through and in the goaf
Firefighting foam sprayed over material as the LW was advanced
Carbo fill plug installed in the TG after mining through the area

The area was successfully mined through with no further spontaneous combustion indicators observed.
This event highlighted that actions that result in increasing ventilation pressures may have adverse
impacts and appropriate controls are applied to manage the impacts.
EVENT 3
On 15th May 2020 C2H4 < 1part per million (ppm) was detected at MG109 30ct seal. This bag sample
was taken as part of the response to a TARP due to high O 2 concentration present at the inbye seal
locations. The ventilation circuit present at this time was promoting air ingress along the MG rib line and
seals. The LW was approximately 1150 m outbye and had been operating for five months.
Underground inspection, tube bundle monitoring and bag sampling indicated that the heating was in the
pillar adjacent to the 29ct seal. The roof and rib strata around the seal were broken and consolidation
had been carried out after seal construction. As shown in Figure 4, 29ct was partially widened to assist
with LW installation although it was planned to be fully widened.
Figure 5 shows the gas results obtained prior to the event being detected and the initial stage of
development.
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Figure 4: MG109 29ct

Figure 5: Gas Monitoring data MG109 30ct
In response NCO:











Formed an IMT
Involved external experts (B Beamish and M Brady) from commencement of incident
management
Commenced N2 injection at 29ct seal
Commenced CO2 seam gas injection at 28ct seal
Mobilised NSW Mines Rescue Mine shield
Mobilised Queensland Mines Rescue Surface and Underground Foam units
Established N2 chamber at 28-29ct A and B hdg
Carbofill plug pumped at MG109 27ct
Boreholes drilled from surface to goaf adjacent to the MG
N2 injection into the goaf
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These measures resulted in spontaneous combustion indicators reducing, however this was short lived
as the heating created a different convection circuit and was reinvigorated. The underground foam unit
was used to pump foam into 29ct, which ultimately cooled the heating and restricted air ingress into the
area.
Due to blockages in the tube bundle monitoring system a NCO mines rescue team was deployed under
O2 into the N2 chamber to effect repairs. The team observed evidence of N 2 foam on the B hdg side after
passing through cracks in the strata shown in Figure 6.

Figure 6: Evidence of Coal Foam EXT –ECO foam penetration through strata
Options considered and implemented for the long term management of the heating 7 were:






Flooding area – not feasible due to seam grade outbye
Rocsil Plug at MG corner of goaf creating chamber between goaf and seal – this was carried
out
Filling the chamber created by the MG plug with water, Rocsil or flyash. A flyash plug was
determined to be the best option and was filled from the surface using boreholes that were
drilled into the chamber as shown in Figure 7.
Maintaining N2 chamber adjacent to area

Figure 7 Long term layout
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The ability to inject N2 foam from underground to the hot spot site was pivotal in the management of the
event.
After this event a state of chronic unease was developing within NCO management concerning potential
spontaneous combustion development. In particular the presence of oxygen along the MG seals was of
particular concern. The use of foaming products and flyash (wet and dry) had been used with partial
success. As a result very close attention to and analysis of any TARP trigger level was communicated
through the management structure.
EVENT 4
On 8th April 2021 a ventilation change that placed MG109 A and B hdgs inbye of the LW on return
pressure occurred which reversed the pressure differential on the MG seals aimed at reducing air
ingress into the goaf.
On 27th April 2021 less than 1ppm C2H4 was detected at MG109 14ct seal 400 m behind the LW face.
Prior to the event being detected LW retreat rates had been very slow due to two unexpected faults
running parallel to the LW face being encountered.
This event was very similar to the initial event in 2018 except mining was still occurring in LW109.
In line with TARPs an IMT was formed and event management commenced with:






Involvement of external experts
Mobilisation of Mine shield, additional diesel N2 generator and N2 foam unit
Drilling of boreholes into goaf
LW ventilation quantity reduced
N2 foam injection at outbye seal site to reduce air flow along MG rib line. As foaming continued,
foam eventually migrated to the MG corner and needed to be dispersed.

The combined effect was reduction of the oxidation activity.
As gas monitoring continued some interesting conclusions were drawn.
Gas analysis indicated increasing H2 levels with a decrease in CO and no change in C2H4. As air was
now being excluded from the hot spot, the coal was stewing causing CO to react with the water vapour
creating H2.
The presence of H2 and C2H4 with low CO concentration raised the question of H 2 and C2H4 evolution
temperature. Tests were carried out with results showing H 2 was given off at 50 C and C2H4 at 65 C,
much lower than previously thought as shown in Figure 8.

Figure 8: H2 and C2H4 evolution
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The ability to exclude air from the goaf was the key element in controlling this event. This was a
combination of the ventilation circuit put in place prior to the event and the use of N2 foam (Coal Foam
- GOAF FOAM) in out bye seals. Figures 9, 10 and 11 demonstrate this clearly. Coal Foam GOAF
FOAM was used in this application to provide longer lasting foam rather than the fire-fighting Coal Foam
EXT-ECO foam.

Figure 9: Traditional inbye LW ventilation

Figure 10: Goaf seals on return pressure

Figure 11: Goaf seals on return pressure and N2 foam injection
Whilst foaming operations were being undertaken tracer gas testing was carried out into LW109 goaf.
At various times tracer gas was released into the goaf at the MG corner and surface boreholes. The
results confirmed the effectiveness of the foam to stop air ingress along the MG goaf rib line as shown
by Figure 12.
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Figure 12: Tracer gas flow paths
CONCLUSIONS
In dealing with these events it is evident to the authors that the following are critical components in the
successful management of spontaneous combustion:


The application of N2 gas will not extinguish a heating in an open goaf, it may slow escalation
of an event. The nitrogen will disperse throughout the goaf and flow to the TG return. When
carried out in a sealed goaf it is an effective tool.



The use of N2 foam has a number of benefits as the foam confines the N 2 such that it can be
directed to the hot spot, the foam will cool the hot coal, the N 2 will be released as the foam
degrades and the foam will block air paths to a hot spot.



Reducing oxygen levels in goaf via a combination of N2 foam, ventilation circuit design, pressure
and quantities



Understand your coal gas evolution curves – on review, ethylene found to be produced lower
temperatures than first believed,



React at first signs of C2H4 – Modern GC are very accurate and capable of detecting 0.1ppm
and our experience C2H4 >1ppm indicates a potential event is developing.



Look at other ratios – H2:CO found to be good indicator of oxidation evolution



Situation can escalate quickly



Have relevant and appropriate TARPs that are regularly assessed and reviewed.



Involvement of external experts at all times. This includes the development of TARPs and as
part of the normal operations.

With the potentially catastrophic consequences of spontaneous combustion it has lead NCO
management to be in a state of chronic unease with any trigger level exceedances being treated
seriously.
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AN INVESTIGATION INTO THE INFLUENCE OF HEAT
TRANSFER ON POLYURETHANE EXOTHERMIC
REACTION
Robert Penczek1, David Evans2, Marcin Świeca3 and Kent McTyer4
ABSTRACT: Polyurethane resins are widely used within underground coal mining, to assist in the
consolidation and stabilisation of fractured and broken ground conditions. Ground consolidation
techniques using injectable resins are a common tool for the reinforcement of roof and wall corners, as
well as for stabilising side walls and long wall faces.
One of the primary performance parameters for injectable resins is the maximum reaction temperature,
as an indicator of the total heat released during the exothermic resin curing process. As defined within
MDG 3608 ‘Non-metallic materials for use in underground coal mines’ (NSW Resources Regulator,
2012), the maximum reaction temperature must remain below 150°C in order for product certification to
be granted. Standardised methods for testing the maximum reaction temperature are based on small
scale mixing tests conducted within a laboratory environment. Similarly, other key material properties
tests for the cured polyurethane are also reacted and cured under laboratory conditions.
This paper presents new considerations for exothermic testing of polyurethane resins. Within the
underground environment, heat will flow away from the polymerisation reaction and into the rock mass,
altering the resultant exothermic temperature. To explore this effect, a new experimental method has
been developed to assess the influence of heat transfer on the exothermic reaction. Data generated
using this experimental method clearly aligns with thermodynamic principles and subsequently provides
fresh insight into this field of application. Correspondingly, considerations arise for the true nature of the
exothermic reaction and resultant material properties within the underground environment, in
comparison with reported properties from existing test standards.
INTRODUCTION – THE CHEMISTRY OF POLYURETHANE RESINS
Polyurethane resins are broadly defined as a class of polymers that are formed by the polyaddition of
hydroxy multifunctional compounds to isocyanates. A basic schematic representing the chemistry of the
polymerisation reaction is shown in Figure 1, showing additive compounds under chemical reaction
forming the final polymeric chain.

Figure 1: A schematic representation of the polymerisation reaction
Polyurethane resins hold a wide variety of uses across many commercial and industrial applications –
as brief examples, the production of rigid and flexible foams, binders, composites, surface coatings,
adhesives and sealants (Janik et al., 2014).
This diversity of application is made possible by the ability to create many different polymer structures
under this over-arching chemical classification, which permits the further ability to tailor specific solutions
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from within a wide range of parameters. This diversity in chemical design is ultimately derived from a
varied and extensive raw material base - more specifically, various structures of -OH reactive
compounds and isocyanates, allowing the precise design of the properties of the formed polymer. Once
the chemical design is finalised, polyurethane products can be repeatability controlled through the
manufacturing process, delivering consistent product chemistry for the required application.
APPLICATIONS WITHIN UNDERGROUND MINING
Within the underground mining industry, polyurethane resins are used for ground consolidation
practices, being injected into broken or fractured ground in order to reinforce and stabilise the rock mass,
permitting continuance of operational activity within the mine. Two-component polyurethane adhesives
are commonly used for this purpose – where upon mixing, the two components chemically react to form
the final polyurethane adhesive. The chemical reaction is exothermic in nature, meaning that heat is
generated during the polymerisation process. The two components are commonly referred to as the ‘A’
and ‘B’ component and consist of:



Component A:
Component B:

a mixture of polyols, additives and catalysts
polymeric methylene diphenyl diisocyanate, commonly referred to as PMDI

On application, the two components of the polyurethane adhesive are pumped at a pre-set volumetric
ratio (typically 1 to 1) using a calibrated tandem pump. During the injection process, the two components
simultaneously flow though separate lines from either side of the tandem pump and merge together at
the correct ratio, with the combined flow then immediately passing through a static mixer element. This
pressurised and turbulent flow kinetically mixes the two components, commencing the polymerisation
reaction. The now reacting mixture flows under pressure through the injection point and into the rock
mass, where the polyurethane adhesive fills gaps and cracks, consolidating the rock mass, as shown in
Figure 2.

Figure 2: Partially sectioned representation of polyurethane injection into fractured rock mass
CHEMICAL DESIGN CONSIDERATIONS FOR MINING APPLICATIONS
Within the scope of chemical design, the key performance parameters for polyurethane adhesives used
within ground consolidation include:





injection and reaction parameters (peak exothermic temperature, foaming factor, viscosity and
rheology - flow properties)
final mechanical properties (adhesive strength and compressive strength)
flame retardancy and antistatic properties (electrical resistance, fire resistance, fire propagation
and oxygen index)
health and safety (toxicity)

As the injection process takes place within the rock mass, the onset of the polymerisation reaction is a
critical consideration. The phased sequence of the chemical reaction and the degree of foaming (i.e.
expansion) are highly important parameters necessary for the development of injection technology. It is
expected that the final rate of the polymerisation reaction will be very fast, so that within the correct time
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sequence, the reacting resin will change abruptly from the original liquid state to the final solid state.
Following this transition to a solid state, the minimum mechanical performance properties must be
achieved as soon as possible, to permit continuity of mining operations. The overall chemical reaction
sequence can be represented within the context of a temperature / time curve, as shown below in Figure
3.

Figure 3: Phased Reaction Sequence of Polyurethane Adhesives Upon Injection
The proper course of curing reaction within the rock mass is critical to achieve. Subsequently, the span
of considerations within the chemical design further includes the design of the pumping and injection
technology; the range of penetration of the adhesive within the rock mass; the ability to prevent overflow
spills from returning into the open excavation; rapid delivery of the final adhesive and mechanical
properties - and ultimately the ability to safely resume mining operations, given full bonding and
consolidation of the rock mass. When all factors are considered, it becomes clear that the chemical
design takes on a high degree of complexity.
The amount of heat released during the exothermic polymerisation reaction has a strong impact upon
the final properties of the cured polyurethane. If the heat of reaction is excessive, this can lead to
degradation of the polymer bonds, with or without the presence of additional elements such as oxygen
or carbon. Alternately, if the heat of reaction is too low, polymerisation will remain incomplete, which will
also result in weakening of the finished properties. Balancing the heat of reaction to achieve optimal
polymerisation is critical in achieving the required performance. There are a number of studies that
describe the effect of heat of reaction on the degree of component rearrangement during polymerisation
(Aleksandrova et al., 1972; Lovering at al., 1962; Yevreinov et al., 1973) and citing thermal stability limits
for polyurethanes (Sato at al., 2011; Welte, 1984). In the example of rigid polyurethane foams, 155 °C
is considered as the upper threshold, below which degradation of the polymer will not occur (Welte,
1984). A lower exothermic limit for effective polymerisation, while also known to be critical, is technically
difficult to specify and as such is not documented in literature.
REGULATORY REQUIREMENTS FOR THE EXOTHERMIC REACTION
The allowable maximum exothermic temperature of polymeric chemicals is stated in NSW Mining
Design Guide 3608 (MDG 3608) Appendix D (NSW Resources Regulator, 2012). The origin and context
of this maximum temperature of 150°C is not provided in the guideline. However, other NSW MDGs also
give a maximum temperature for heated surfaces. MDG 1032 states that the “temperature of all external
surfaces should be less than 150°C to prevent coal dust igniting” (NSW Resources Regulator, 2009);
MDG 43 states “any external surface that comes into contact with the mine atmosphere must not exceed
150°C under any condition of operation” (NSW Resources Regulator, 2015); and MDG 3608 identifies
initiation of fire due to heating or melting of non-metallic material as a hazard noting that “Coal dust may
ignite at 150°C”. The references to 150°C relate to the hazard presented by hot surfaces and the
potential ignition of coal dust (Palmer and Tonkin, 1957; Ajrash et al., 2016). However, the scenario of
polyurethane resin injected into a broken coal mass is judged manifestly different. Firstly, the process
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of wet drilling of resin emplacement holes removes both fine coal fragments and coal dust and secondly,
the replenishment of oxygen is severely limited following PUR emplacement into broken ground. These
two factors alone limit the potential for heating and thermal runaway of the coal mass. The indications
are that the maximum exotherm of PUR resin as prescribed in the Australian coal mine context was
established for the worst-case scenario of a coal dust ignition. As a further reference, Table 1 shows
the maximum reaction temperature limits applied for injection materials used in underground coal mines,
from various global sources.
Table 1: Summary of maximum temperature limits for injection resins used for mining
excavations in various countries.
Maximum reaction
Country
Standard
exotherm
Australia
< 150°C
MDG3608, Appendix D1
Germany
< 150°C
Government ‘Mining Law‘
Poland
< 150°C
Government ’Mining Law’
Russia
< 150°C
Supplier Regulated (coal dust ignition point is a
general reference)
USA
Not specified
No known standard (effectively site determined)
MEASUREMENT OF EXOTHERMIC TEMPERATURE- LABORATORY ‘CUP TEST’
The maximum exothermic temperature test according to Australian procedure MDG3608 Appendix D1,
is carried out within a paper cup without thermal insulation, by measuring the temperature in the core of
the sample. The reaction uses 200 ml of polyurethane adhesive, by mixing 100 ml of component A with
100 ml of component B. The temperature rise over time is recorded using a temperature probe and a
data logger, with the maximum temperature and the time to reach it being documented. The temperature
probe is pierced inwards through the base of the paper cup. The advantages of this method of
measurement are simplicity, speed of execution, repeatability and ease of interpretation of results. An
example temperature curve is shown in Figure 4, as recorded for DSI Underground’s Strata Bond HA
(LT115) product and conducted in accordance with MDG3608-D1 at the Mine Safety Technology Centre
(MSTC), NSW Australia.

Figure 4: Recorded temperature curve within cups containing cured resin after measurement
for DSI Underground’s Strata Bond HA (LT115), (M.S.T.C, 2021a)
During in-house product development testing for Strata Bond HA (LT95 and LT115), using the same
volumes and methods contained within MDG3608-D1 and over many tests, the maximum exothermic
temperatures were repeatability measured at 95 0C (for LT95) and 115 0C (for LT115) with the use of a
calibrated temperature probe, hence the ‘95’ and ‘115’ that appear within the product titles. However,
upon testing at the MSTC, these same product chemistries (and batches) tested to just 82 0C (for LT95)
and 99 0C (for LT115). It would appear that a discrepancy may exist between the temperature probes
used by each laboratory, possibly based on instrument capability within the lower range of temperatures.
It is not within the scope of this paper to pursue this discrepancy in further detail, other than to point out

University of Wollongong, University of Southern Queensland, February 2022

156

2022 Resource Operators Conference (ROC 2022)

that a difference in measurement exists between the two laboratories within the lower range of recorded
temperatures – the differences are documented within Table 2.
HEAT TRANSFER BETWEEN THERMAL BODIES AT DIFFERENT INITIAL TEMPERATURES
When evaluating temperatures associated with the injection of polyurethane resin, a number of
fundamental principles from within the field of thermodynamics need to be recognised. These principles
relate to heat transfer between two thermal bodies, which are in direct contact with each other and are
at different initial temperatures. The first principal is that ‘heat is transferred from a region of high
temperature to a region of lower temperature’ (Black and Hartley, 1985) - this is the basis of the Second
Law of Thermodynamics (White, 1988). This simply means that heat flow is directional, with thermal
energy flowing from regions of higher temperature to regions of lower temperature, a readily observable
phenomenon. Given this understanding of directional heat flow, a further related concept to understand
is that of thermal equilibrium. This principle is that heat will flow from a higher temperature, to a lower
temperature, until arriving at a point of thermal equilibrium that lies between the two initial temperatures.
This is simply stated as “two objects at different initial temperatures will eventually reach some
intermediate temperature when placed in contact with each other.” (Serway,1986). There are other
factors that will influence this heat flow, including the relative geometry (size and shape) of the two
masses, contact area, duration of contact, their thermal resistance to heat flow and their thermal capacity
to store heat. However, the fundamentals are that the two masses, when in thermal contact and given
duration in time, will arrive at a point of equilibrium at an intermediate temperature.
MEASUREMENT OF EXOTHERMIC TEMPERATURE, INCORPORATING HEAT TRANSFER
WITHIN THE ROCK MASS- LABORATORY ‘OVEN TEST’
While the methodology of MDG3608-D1 provides a convenient and repeatable procedure for baseline
laboratory measurements, it does not reflect the actual conditions that prevail during underground
applications. During the underground injection process, the polyurethane adhesive flows throughout the
fractured rock mass and into gaps with openings typically in the range of 0.05 mm to 5 mm, during which
heat transfer occurs continuously between the reacting polyurethane and the rock mass. It is therefore
important to take into consideration how the dissipation of heat into the rock mass affects the
temperature of reaction of the polyurethane resin. This is an imperative issue, bearing in mind the
relationship between the heat released, the final properties that result from the polymer conversion
reaction and the potential hazard that may result from the incubation of endogenous fire.
To investigate the effect of heat transfer on the maximum temperature of the exothermic reaction, a new
experimental method was developed to measure the temperature of the reaction while in continuous
contact with a mass that is pre-heated to a set temperature. The polyurethane is injected into a 5mm
gap between two pre-heated blocks and the temperature of the reaction is subsequently monitored using
thermocouples positioned at two locations within that gap – indicated as T1 and T2. The rock mass
block is represented by the two concrete blocks, each with a dimension of 240 x 160 x 150 mm and a
combined weight of approximately 25 kg. The width of the gap is 5 mm and the volume of the gap is
approximately 200 ml, an equivalent volume to that used in the MDG3608-D1 methodology. A diagram
of the rock mass block used for the experiment is shown in Figure 5.
The entire block arrangement is pre-heated for a minimum of 48 hours within a calibrated laboratory
oven as shown in Figure 3a, bringing it to a uniform temperature throughout its volume. The block
arrangement is momentarily removed from the oven to conduct the polyurethane injection – then,
immediately following the injection, the block arrangement is placed back into the oven which continues
to be maintained at that same set-point temperature. In this way, the experiment simulates the thermal
boundary conditions around the block as being part of a much wider thermal body. The exothermic
temperatures for the polyurethane injection are subsequently measured under these conditions within
the oven, simulating heat transfer between the polyurethane and the thermal conditions of the block
arrangement. Note that immediately prior to the injection, the polyurethane components are at laboratory
ambient temperature, at approximately 25°C.
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Table 2: Main data table from the experimental program, incorporating ‘Cup Test’ data and ‘Rock Mass Oven Test’ data
Note within the table, ‘---’ indicates where experimental data was unavailable.
PU 95
(LT 95)

PU 115
(LT 115)

PU 125

PU 135
(Strata Bond HA)

Polish CMI
Procedure

90

115

125

135

MDG
3608-D1

82
(M.S.T.C, 2021b)

99
(M.S.T.C, 2021a)

---

134
(M.S.T.C, 2018)

Cup Test

Polyurethane Version
Maximum
Exothermic
Temperature
(°C)

Rock Mass Oven Test

Rock mass type
Initial temperature of the rock
mass (and oven set-point)
(°C)
Volume of the adhesive in
the gap (ml)
Maximum Exothermic
Temperature at T1 – corner
(°C)
Time to Peak Temperature
at T1 – corner
(s)
Maximum Exothermic
Temperature at T2 - centre
(°C)
Time to Peak Temperature
at T2 - centre
(s)

Concrete

Coal

Concrete

Coal

Concrete

Coal

Concrete

50

50

25

35

50

50

25

35

50

50

25

35

50

50

260

103

205

218

240

106

289

282

222

90

266

232

200

100

72

82

48

67

73

88

75

95

99

---

75

93

106

121

---

111

68

81

85

112

110

148

113

---

115

143

87

96

77

81

56

73

83

85

78

86

94

102

86

90

104

110

---

115

56

77

95

104

144

138

113

124

115

138

96

97
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Figure 5: Schematic layout of the measurement blocks used for measuring the maximum
reaction temperature in the rock-mass test
Using this method, it is now possible to investigate the influence of the initial temperature of the rock
mass blocks on the maximum curing temperature of the polyurethane. The temperature of the rock mass
blocks in this particular case corresponds to the temperature range of the rock mass at the application
site. This study investigated the effect of block temperatures of respectively 25°C, 35°C and 50°C on
the maximum reaction temperature achieved. Figures 6a and 6b show the concrete blocks before and
after temperature measurement.

Figure 6: Concrete block prepared for the exotherm measurements.
(a) Concrete block preheated and maintained at given temperature.
(b) Concrete block after exotherm measurements, showing the 5 mm gap that was filled with
resin
It is worth noting that other materials can also be used to create the rock mass block – and of course it
is possible to use the actual material that forms the rock mass at the injection site if this material can be
sampled. This allows the specific thermodynamic characteristics of the rock mass to be taken into
account within the experimental design – specifically, the properties of thermal capacitance (the ability
to store heat) and thermal conductivity (the ability to conduct heat).
In order to further expand upon this new experimental method and the associated data set, coal was
used as an additional test medium, from which blocks were prepared with dimensions of approximately
180 x 120 x 120 mm each and a total weight of approx. 5 kg. The width of the gap is 5 mm and the
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volume is approximately 100 ml. The two coal segments and the carbon block equipped with the
thermocouples are shown in Figures 7a and 7b.

Figure 7: Coal sample prepared for the reaction exotherm measurements at the rock mass.
(a) Cut surfaces of the coal.
(b) Coal block equipped with thermocouples
HEAT TRANSFER METHODOLOGY – EXPERIMENTAL RESULTS AND DISCUSSION
Four versions of polyurethane adhesive were used in the heat transfer test program, designated as ‘PU
95’, ‘PU 115’, ‘PU 125’ and ‘PU 135’ - and each having a different peak reaction temperature as
designated within their naming convention. The peak reaction temperature was initially measured using
the methodology of MDG3608-D1, as well as multiple in-house measurements taken using the
equivalent Polish procedure, as standardised by the Polish Central Mining Institute. Both methods
involve recording the maximum reaction temperature in the core of the reacting adhesive with a total
volume of 200 ml, obtained by mixing 100 ml of component A with 100 ml of component B. This initial
temperature data was obtained so that a baseline reference was established for the experimental
program, against existing standards.
In the next stage of the test program, the newly developed heat transfer methodology was utilised to
measure the reaction temperature for each of the four designated versions of polyurethane. To broaden
the experimental data set, temperature measurements were made in preheated and maintained
concrete blocks within the oven at 25°C, 35°C and 50°C and also for carbon blocks at 50°C. The results
obtained from the entire test program are summarised in Table 2, showing the four versions of
polyurethane, the rock type, the rock mass (and oven) temperatures, the injection volumes, as well as
the peak temperatures (and timing) as measured in direct contact with the polyurethane and recorded
simultaneously at two locations within the polyurethane filled gap. A total of 14 tests were conducted in
this manner, 10 within concrete blocks and 4 within coal blocks.
The maximum exothermic temperatures and their timing are now the result of the heat transfer process
that occurs between the reacting polyurethane and the thermal rock mass within the oven – and again
note that these temperatures are recorded at two separate locations, both within the gap of the rock
mass and in direct contact with the reacting polyurethane. The following observations can be made from
within the overall experimental data set provided in Table 2:




For every experimental result, the maximum exothermic temperature of the polyurethane as
measured from within the rock mass, is always less than the maximum exothermic temperature
measured in the Polish ‘cup test’. This indicates that as the reaction progresses, heat flows from
the reacting polyurethane (a region of higher temperature) into the rock mass (a region of lower
temperature), reducing the maximum exothermic temperature of the polyurethane due to
dissipated thermal energy. The peak exothermic temperature now occurs at an intermediate
temperature, falling between the ‘thermal potential’ of the reacting polyurethane and the initial
temperature of the rock mass.
Where the rock mass (and oven set-point) temperature is increased, the overall temperature
differentials are brought closer together between the reacting polyurethane and the rock mass
- there is less potential for thermal energy to flow. Subsequently, the rate of heat dissipation
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from the polyurethane reaction into the rock mass is slower with increased rock mass
temperature. However, while the rate of heat transfer may alter based on the differential
temperature with the rock mass, thermal equilibrium is always sought at an intermediate
temperature.
Across experiments, where the initial rock mass temperatures are at the same starting value,
the peak temperature of the exothermic reaction is always higher within the coal blocks when
compared to the concrete blocks. This indicates that heat generated from the exothermic
reaction dissipates at a slower rate in the coal experiments, but at a faster rate in the concrete
experiments – resulting in a lower peak exothermic temperature within the concrete. There are
three potential contributing factors here, in most likely order of significance:
o
concrete has a higher thermal conductivity value than coal, as shown in Table 3. Hence
concrete will have a greater internal ability to transfer heat away from the exothermic
reaction. This experimental observation aligns with known thermal properties. concrete has
a higher thermal conductivity value than coal, as shown in Table 3. Hence concrete will
have a greater internal ability to transfer heat away from the exothermic reaction. This
experimental observation aligns with known thermal properties.
o
the concrete test blocks had a much higher external surface area relative to the coal test
blocks. Subsequently, the concrete blocks would have a much greater ability to disperse
heat under convection into the oven environment.
o
the concrete test blocks (at approximately 25kg) had significantly greater mass than the
coal test blocks (at approximately 5kg). As shown in Table 3, concrete and coal have
similar capacity to store heat, based on their documented specific heat values. However,
given this significant difference in mass, the concrete blocks would be able to store a far
greater amount of heat energy, possibly also influencing their capacity to store heat from
the exothermic reaction.
Across experiments for the same polyurethane variant and in the same rock mass (concrete),
as the initial rock mass temperature (and oven set-point) is increased, a partial but substantive
trend in the data set indicates that the relative rise in the peak exothermic temperature reduces
as the oven temperature increases. The peak exothermic temperature does not reflect a simple
addition of the relative increase in oven temperature. Subsequently, the actual flow rate of heat,
based on temperature differential, may be an influencing factor for the peak exotherm –
however, it is acknowledged that this relationship would require further exploration.
Table 3: Specific Heats and Thermal Conductivities of Coal and Concrete
(Engineering ToolBox, 2003)
Specific Heat [

𝑘𝐽

𝑘𝑔𝐾

]

Thermal Conductivity [

𝑊
𝑚𝐾

]

at 25°C deg.

Coal, anthracite
1.26
0.20
Concrete
0.96
1.00
Three stages of heat flow are typically observed during the rock mass tests. Representative examples
from the test program are provided in Figure 8, showing an overlay of the temperature curves for the
four polyurethane variants. The measurements are taken from the four coal rock mass tests, each test
conducted within the oven at 50°C and showing data recorded at location T2. It is also interesting to
note the pre-test temperature conditions of these four tests.




PRE-TEST CONDITIONS: immediately prior to the test commencing, it is noted that the
thermocouple readings located within the test piece reasonably align with the set-point
temperature of the calibrated oven, as an indication of accuracy between the various points of
temperature measurement.
STAGE 1:
commences on pouring the polyurethane into the gap. The polyurethane is initially
at 25°C (laboratory room temperature) and the rock mass is initially at 50°C (oven temperature).
Subsequently, an immediate drop in temperature occurs of the order of 10°C to 15°C due to the
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STAGE
II



sudden presence of the cooler polyurethane. Heat then starts to flow via conduction from the
warmer rock mass into the polyurethane and the polyurethane temperature begins to rise. During
stage 1, the heat transferred from the rock mass into the reacting resin provides initial acceleration
of the polymerisation process.
STAGE 2:
commences when the reacting polyurethane reaches the same temperature as the
rock mass. At this point the direction of heat flow reverses – and heat generated by the exothermic
reaction now flows via conduction from the reacting polyurethane into the rock mass.
Correspondingly the graph shows a sharp, linear increase towards the peak temperature.
STAGE 3:
commences upon reaching the peak temperature. In this stage, the predominant
heat flow is from the rock mass via convective transfer into the surrounding oven environment.
The exothermic heat generated by the polymerisation reaction is also progressively decaying
away. The trend is now towards a steady state temperature, seeking thermal equilibrium
ultimately towards the temperature of the oven environment.

STAGE
III

STAGE
I

Figure 8: An overlay of temperature curves for PU versions 95, 115, 125 and 135, as measured
within the gap at the centre of the coal rock mass (location T2). Rock-mass temperature: 50°C
SUMMARY
A new experimental method has been developed for testing the maximum exothermic temperature of
polyurethane adhesives within ground consolidation applications. The new experimental design
introduces consideration for the effects of heat transfer on the chemical reaction, with directional heat
flow occurring from the reacting polyurethane into the surrounding rock mass. Experimental data
generated using this method has provided fresh insights into this field of application.
The experimental data set aligns well with basic thermodynamic principles, showing logical trends
between initial set-point temperatures, peak exothermic temperatures and the overall sequence of the
polymerisation reaction. From the time-based temperature data, it is clear that heat transfer has a
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substantial influence upon the nature of the polymerisation reaction. Test piece properties also have an
influence on heat flow and opportunities exist to further refine this aspect of the work.
In evaluating peak exothermic temperatures for a reacting polyurethane within a rock mass, it is
erroneous to consider these as a simple addition of baseline temperatures. The experimental results
clearly show that during the application of polyurethanes, peak exothermic temperatures are influenced
towards thermal equilibrium with the rock mass, arriving at an intermediate temperature that appears to
reside between the Polish laboratory ‘cup test’ and the initial temperature of the rock mass.
Arising from the learnings of this test work, considerations also move towards implications for the
material property testing of cured polyurethane resin. It is known that variance in the exothermic reaction
has an impact on the final material properties. Test pieces are of course cast and reacted under
standardised laboratory conditions – potentially excluding considerations for heat transfer during the
polymeric reaction. Of course within an underground rock mass, the peak exothermic temperatures and
associated heat flows will be influenced by the rock mass - and this may also influence the final
mechanical properties of the cured polyurethane within the rock mass, in comparison with reported
properties from existing test standards. This is an area of uncertainty for exploration within the context
of future test programs.
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VERIFICATION OF STRESS STATE MONITORING IN
THE SURROUNDINGS OF THE ROADWAY AHEAD
OF LONGWALL MINING BASED ON THE RESULTS
OF 3D SCANNING OF ROADWAY DEFORMATION,
BOGDANKA MINE, POLAND
Petr Waclawik1, Radovan Kukutsch1, Andrzej Walentek2,
Łukasz Herezy3, Kristyna Schuchova1 and Jiri Korbel4
ABSTRACT: For designing precisely the reinforcement of mine tunnels and reinforcing underground
structures in general, knowing stress and deformation states in the rock massive (hereinafter also
referred to as the “RM”) in the immediate vicinity of these mine works as precisely as possible is
absolutely decisive. Stress is usually determined by interpreting deformation processes in the RM.
These can be monitored and measured relatively exactly. Tunnels are loaded especially by longwall
pressures. In addition, the distribution of stress is also influenced significantly by older mining activities,
edges and pillars in the rock cover, or by seams mined through old-workings. All of these factors can
influence significantly stress and thus also deformation manifestations in the surroundings of mine
works. For the purpose of checking changes in the state of stress in the RM induced by mining, the
monitoring of the state of stress in the RM in connection with mining seam 385 using longwall G6 in the
black coal mine of LW Bogdanka in Poland was designed and carried out. The purpose of the monitoring
carried out was to verify changes in the stress tensor during the mining process. For the purpose of
verifying the monitoring of stress, the survey of the state of the tunnels was carried out using a pulse 3D
scanner in the place of the geotechnical station (GS). The purpose was to capture deformation changes
ahead of the advancing longwall face in the surroundings of the GS.
INTRODUCTION
To measure changes in the state of stress in the HM, the Compact Conical ended Borehole Monitoring
method (CCBM) (Stas et al. 2005, 2011) was used. This method is based on the principles of the
modified overcoring method. This is the so-called overcoring method using a compact conical probe
developed at the Institute of Geonics of the Czech Academy of Sciences in cooperation with the
Japanese Kumamoto university, with its original name Compact Conical ended Borehole Overcoring
method (CCBO) (Sugawara and Obara 1999; Obara and Sugawara 2003). Modifying the overcoring
method in such a way the lightening (drilling around) the core phase is skipped and the conical
measurement probe is glued directly into the natural rock enables to monitor continuously and on a longterm basis changes in the stress that occur in the RM during mining processes and also as a result of
natural changes in stress arrays.
The monitoring of the state of stress in the RM was designed as one geotechnical monitoring station in
the entry tunnel of the longwall with the plough technology. The location of the GS was selected on the
basis of the advances of the longwall so that there was a sufficient time reserve from the installation of
all probes for carrying out measurement itself. Therefore, the geotechnical station was located in the
longwall tunnel 4/VIII/385 at the stationing of 1,720 m in the analysed longwall G6. After the installation
of all CCBM probes at the geotechnical station on 9 January 2021, the longwall face was at a distance
of approx. 575 m from the mentioned station. The layout was designed not only with respect to the
technical limits for installation limiting the maximum length of the installation hole and its incline but also
with respect to the lithological development of the rock cover in the place of the monitoring station. For
this reason, a prospect hole was drilled before installation itself and a qualitative evaluation of the RM
was carried out. To verify stress monitoring, the survey of the state of the longwall tunnel was carried
Dr./Researcher, Institute of Geonics, the Czech Academy of Sciences, Czech Republic () Corresponding author:
petr.waclawik@ugn.cas.cz
2
Dr./Researcher, Central Mining Institute, Poland
3
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out using a pulse 3D scanner. The purpose was to capture deformation changes ahead of the advancing
longwall face; specifically, at four stages in the ± 20 m section on each side from the GS.
METHODOLOGY OF MEASUREMENT
Methodology of stress state monitoring of rock mass
Development of the device was based on the experience of Sugawara and Obara from Kumamoto
University. They were the first to develop and use the compact conical-ended borehole overcoring
(CCBO) system (Sugawara and Obara 1999; Obara and Sugawara 2003). The conical shape of the
CCBO probe provides a sufficient number of strain measurements in independent directions in one
probe position in the borehole so that all values of the stress tensor can be determined. Two variants of
the probe were developed at the Institute of Geonics: the first is equipped with a microprocessor for
remote and wireless automatic recording of measured data in the probe's internal memory (CCBO),
while the second can be connected to a data-logger and a power supply via a cable. The latter, called
the 'compact conical ended borehole monitoring method' (CCBM) device, was used for long-term
monitoring of stress tensor changes (Stas et al. 2005, 2011).
The CCBM method is based on similar principles to the CCBO method except for the 'destructive'
overcoring phase, which is not performed. This method allows repeated measurement of strain on all
sensors of the probe over a long period. In this case, however, only changes of the stress tensor in
relation to the stress state at the time of probe installation can be determined. This is the principal
difference between the CCBO and CCBM methods. The evaluation of measurements remains the same
as in the case of the CCBO technique.
The dependence of corresponding deformations on the tensometers on the stress tensor was formulated
by Sugawara and Obara (1999) and Obara and Sugawara (2003). For the CCBM, the following equation
was formulated (Stas et al 2011):

 Λj(t i) + Λj(t)] x E = |A(Λjx [iS(t)
and the following was expressed using it:

 Λj(t) x E = |A(Λj xS(t),
where  Λj(t i) and Λj(t) are the deformation  Λj at the time of the installation of the probe and the
differential deformations related to the time of installation; i S(t)are the tensors at the time of
installation ti and the induced stress tensor (stress changes at the time t after installation) related to the
stress state i; E is Young’s modulus and  is Poisson’s ratio. The optimum stress change tensor of
the whole system can be calculated using the differences of all (“j-”) pairs of the corresponding
measurements (Λj(t)) and the ideal expected deformation ( Λj (t) ≡ |A(ΛjxS(t)) can be
calculated using the method of least squares.
The CCBM probe is designed for boreholes 76 mm in diameter. The waterproof probe body has
a diameter of 55 mm. Six pairs of mutually perpendicular strain gauges are mounted onto the conical tip
of the probe with an apical angle of 60°. The probe is glued directly in the conical shaped bottom of the
borehole. The CCBM probe, which can be connected to an external control unit by cable, thus enables
the observation of stress changes in the rock mass (induced, for example, by underground mining
activities). Periodic manual reading of data can be done using a computer or data-logger. Periodic
manual reading of data was carried out by Personal Digital Assistant (PDA). The data concerning stress
changes in all three CCBM probes were read daily.
Methodology of measurement of tunnel deformations
Within scanning the longwall tunnel, Faro Focus S 350 and Z+F IMAGER 5010C pulse 3D scanners
were used. This is a device with a long laser beam range, which is distinguished by its spatial, length
and angle accuracies and its high scanning rate. The subject of scanning work was scanning longwall
G6 tunnel No. 4/VIII/385 under the longwall, using the plough technology. The GS was installed in the
tunnels concerned in the surroundings of which scanning works took place. The purpose was to capture
deformation changes ahead of the advancing longwall face; specifically, in two steps in the ± 20 m
section on each side of the geotechnical station. The subject of the first step was the initial initiation
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scanning at the time of the installation of the geotechnical station for the purpose of capturing the current
state; additional steps were scanning this station at distances of 300, 150 and 80 m in front of the
longwall face with the already possible detection of space-time changes.
With regard to the minimum blocking of the operational time in the tunnel concerned such resolution
was selected that enables to capture the tunnel in sufficient detail, nevertheless respecting and
considering mining operation. The chosen resolution was 1/4 (the detail level for the inside spaces up
to max. 10 m to the point of interest) in quality 2x (43.7 mil. points within one position). Scanning itself
with this resolution, including the time for setting the tripod, took 4-5 minutes at each station. With regard
to the high humidity and temperature, scanning itself was preceded by waiting for approx. 30 minutes
by reason of tempering the scanner optics because water vapours condensed on the surface of the
rotating glass. The specified step between individual stations was 5 m, i.e. such distance that ensures
the optimum coverage of the mine work from two consecutive stations. A necessary activity within 3D
laser scanning is the registration of partial point clouds to create one unit. A condition of every successful
registration is the detection of at least a pair of joint detection points (reference balls) within at least a
pair of connected partial point clouds. To ensure that the processing and registration of partial scans
are as precise as possible, reference balls with a diameter of 140 mm were used. When they were used,
the achieved middle distance errors (registration errors) were in the order of up to 2 mm. A condition for
problem-free registration is not only the visibility of the ground control points from one and more stations
but also respecting the conditions for setting the reference balls resulting from the chosen resolution.
For the purpose of aligning clouds, the reference balls had a fixed stated position (the reflective label on
the reinforcement specifying unequivocally the position) at the border of the selected section to enable
align mutually point clouds using these points. The details of all scanning campaigns are given clearly
in Table 1.
Table 1: Overview of the scanning campaigns at the geotechnical station, *automatically
generated cloud to cloud error from the TRW
Date

Device

Number of
positions

Registration
error

Number of
captured points

08.01. 2021
25. 02. 2021
15. 03. 2021
23. 03. 2021

Faro Focus S 350
Faro Focus S 350
Z+F IMAGER 5010C
Z+F IMAGER 5010C

6
8
5
4

1.0 mm
1.38 mm
32.9 mm *
31.2 mm *

258,266,517
331,693,179
221,284,995
173,065,443

Length of the
captured
section
35 m
42 m
64 m
39 m

Scan registration itself took place in fully automated mode in the case of using reference balls. All
captured partial point clouds were successfully connected to create one unit defined by the general
united coordinate system based on the position of the scanner within one of the partial stations. The
output of subsequent data processing in the Trimble Realworks (TRW) software is a continuous cloud
of spatial points (hereinafter referred to as a “cloud”), describing in detail the scanned space. The results
of partial scan registration are shown in Figure 1.

Figure 1: The section of tunnel No. 4/VIII/385 in the surroundings of the geotechnical station
An additional task following scan registration was to clean a point cloud so that the point cloud has no
elements that complicate the mutual alignment of clouds. All visible mine technologies (conveyor belt,
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suspension track locomotive and others), cables, mine workers, and the like must be removed to ensure
that only the tunnel floor ground, sides and roof remain. The clouds cleaned in this way will be compared
with each other. A difference scan will then enable to show the places and sizes of the captured
deformation changes.
Methodology of evaluation of rock mass geotechnical properties
A qualitative evaluation of the rock mass in the place where the monitoring of the stress state was carried
out was carried out using the RQD (Rock Quality Designation) index. The RQD enables to describe the
state of the drill core very easily using the measurement of the percentage of „qualitatively good” rocks
in the selected length section of the core (Deere et al. 1967; Deere and Deere 1988; Deere 1989). The
RQD parameter is defined as the percentage ratio of the sums of the lengths of the drill core intact
pieces longer than 0.1 m to the total (selected) length of the core run. The methodology of the
measurement of individual pieces of the drill core and the calculation of the RQD are clear from Figure
2. The RQD is currently used as standard as one of the basic parameters entering the calculation of
rock mass quality using the RMR index classification systems (Bieniawski 1976, 1989) and Q (Barton
et al. 1974).

Figure 2: Methodology of the measurement and calculation of RQD (adapted according Deere
et al. 1967; Deere and Deere 1988; Deere 1989)
The evaluation of the rock mass was carried out on the basis of the drill core of the prospect hole made
in the area of the designed GS. It was hole BR59/20 with a length of 25 m in longwall tunnel 4/VIII/385.
On the basis of the qualitative evaluation of the RM, the suitable installation positions of the probes were
determined subsequently and the parameters of the installation holes were determined. A qualitative
evaluation of the RM was also carried out in the last two meters of the installation holes, into which the
CCBM probes were subsequently installed. The installation holes were drilled using a diameter of 76
mm. However, the installation holes were full hole drilled for time reasons; to obtain rock samples
required for the determination of the physical and mechanical properties, only the last two meters of the
installation holes were core drilled.
Gathering information about the qualitative parameters of the rocks in the rock cover of the seam 385
concerned, the basic physical and mechanical properties of the rocks captured by the prospect and
installation holes were studied. Specifically, the simple (uniaxial) compression strength, modulus of
deformability and Poisson’s ratio were determined when the method of loading was standard. The
modulus of deformability and Poisson’s ratio are required parameters for converting the deformations
measured using the probes (CCBM) to stress. For determination, cylindrical test specimens with an
aspect ratio of approx. 2:1 (specimens approx. 122 mm high and with a diameter of approx. 61 mm)
were used. The strength and deformation properties of the rocks were determined using the ZWICK
1494 deformation press with a cylindrical test chamber for measuring longitudinal and transversal
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deformations; the compression test was carried out in controlled deformation mode at a loading rate of
0.15 mm/min.
Design of monitoring of the stress state of the rock mass
The monitoring of the stress state of the rock mass in longwall G6 was designed as one monitoring
geotechnical station with the location in tunnel 4/VIII/385 under the longwall at stationing 1,720 m. After
the installation of all CCBM probes at the geotechnical station on 9 January 2021, the longwall face was
at a distance of approx. 575 m from the mentioned station (see Figure 3). The monitoring of changes
in the stress state of the RM was terminated on 7 April 2021, when the longwall face passed the
geotechnical station.

Figure 3: Location of geotechnical station GS1 in relation to longwall G6
Longwall G6, using the plough technology, was situated at a depth of 875 to 920 m under the surface.
The total seam thickness ranged from 1.15 to 1.5 m. The location of the seam in the area concerned is
subhorizontal. The incline of the layers is around 1° towards E. The lithological development in the
surroundings of seam 385 is clear from Figure 4. In the rock cover of the seam siltstones with coal
interstratified beds, up to 0.3 m thick, here and there prevail. The bed of seam 385 consists of claystone.
The distribution of stress in the rock mass in the area of the installed geotechnical station GS1 is
influenced especially by additional stresses induced by the advancing longwall. In the area of the
influence there are no dug up longwalls and also in the rock cover of the longwall no exploitation was
carried out in the past.
Three CCBM probes in total were placed in such a way that they monitor independently the stress state
of the rock mass ahead of the longwall face of longwall G6 (CCBM 2, electronics No. 49 and CCBM 3,
electronics No. 102) and above longwall tunnel 4/VIII/385 (CCBM 1, electronics No. 0). The location of
the CCBM probes is clear from Figure 4. The layout was designed with respect to the technical limits
for installation limiting the maximum length of the installation hole and its incline. On the basis of an
analysis of the lithological development of the RM the parameters of the installation holes were designed
and the places for the installation of the conical probes were selected. All conical probes were installed
in the siltstone (locally with fine-grained sandstone interstratified beds), which showed “medium up to
good” quality (the RQD in the range of 70 to 86 %; see Figure 4) on the basis of a quality evaluation of
the RM in the core of prospect hole BR59/20 using the RQD index. The physical and mechanical
properties of the siltstone are given in Chap. Result and discussion. For the purpose of installing the
CCBM probes, three installation holes with a diameter of 76 mm were drilled. The installation holes were
full hole drilled for time reasons; to obtain rock samples necessary for the determination of the physical
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and mechanical properties, only the last two meters of the installation holes were core drilled. The
parameters of the installation holes are clear from Table 2.
Table 2: Parameters of the installation holes and CCBM probes installed in tunnel 4/VIII/385
Probe No.

Stationing [m]

Hole
No.

Hole direction

Hole
incline

Probe depth
[m]

Electronics
number

Date of
installation

CCBM1

1,720.0

1

On the tunnel
axis

+80°

19.6

0

09.01.2021

CCBM2

1,719.0

2

45° P.B.

+75°

20.1

49

07.01.2021

CCBM3

1,718.5

3

40° P.B.

+55°

17.5

102

08.01.2021

Figure 4: Positions of the CCBM probes and installation holes in relation to longwall tunnel
4/VIII/385
RESULTS AND DISCUSSION
Rock mass quality
The RQD index and lumpiness determined using the core of prospect hole BR59/20 are expressed in
the form of the graphs below (see Figures 5 and 6). The hole profile is clear from Figure 3.
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Figure 5: Evaluation of the RQD index from the drill core of hole BR59/20

Figure 6: Quality class of the rocks according to the RQD parameter from the drill core of hole
BR59/20
It follows from the results of the determination of the RQD parameter using the drill core of prospect hole
BR59/20 presented in Figures 4 and 5 that the rock mass above tunnel 4/VIII/385 can be generally put
in the rock “poor” quality category within the intention of classification according to Deere and Deere
(1988) and Deere (1989). The average value of the RQD, determined from the whole metrage of the
hole, is 40 %. 16 % of the metrage of the hole is in detail in this rock “poor” quality category. Over one
half of the metrage of the hole (52 %) is in the qualitative “very low” quality categories. Only 12 % resp.
20 % of the length of the core is in the “medium” resp. “good” quality category. However, it must be
emphasised that the qualitative properties of the rock mass were influenced by induced stress due to
the rock excavation of tunnel 4/VIII/385 at the time of drilling the prospect hole. The influence of the rock
excavation of the tunnel is clear from the low RQD values up to a depth of 8 m, when the rock mass in
the “very low” quality category is in this interval. The low RQD values were also registered in the areas
with the development of coal interstratified beds.
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Physical and mechanical properties of rocks
Considering the relatively low quality of the rock massive in the place of installation of the CCBM probes,
five cylindrical test specimens with an aspect ratio of approximately 2:1 were successfully prepared.
Specimens with registration numbers 16 914/1 and 16 914/2 from a depth of 19.3 and 19.5 m were
prepared from the drill core of installation hole No. 1, specimen No. 16 915/2 from a depth of 17.2 m
was prepared from hole No. 2, and specimens No. 16 916/1 and 16 916/2 from a depth of 16.1 and 16.4
m were prepared from hole No. 3. The characteristics of damage of the specimens are clear from Figure
7.

Figure 7: Test specimens before and after the test
Table 2: Values of the simple compression strength бPd, modulus of deformability Esec50 and
Poisson’s ratio µsec50
бPd

Esec50

µsec50

[MPa]

[MPa]

[-]

16 914/1

111

32,043

0.13

16 914/2

63

18,187

0.09

16 915

59

20,062

0.09

16 916/1

32

19,976

0.17

16 916/2

47

22,242

0.11

Arithmetic mean

62

22,502

0.12

Standard deviation

27

4,941

0.03

Value used for converting deformation to stress

53

20,600

0.12

Specimen number

The tested undamaged specimens of siltstones and siltstones laminated with fine-grained sandstone
can be put in the medium or high strength rock class in accordance with the known strength
classifications (Bieniawski 1989). Also according to the classification by Hoek and Brown (1997), the
tested siltstones belong not only to the “solid” rock group (the mean is 62 MPa) but also to the “medium
strength” rock group (16 916). Specimen No. 16 914/1 was excluded from the assessment. This is a
sample of compact sandstone with fine-grained structure, which outstrips markedly the other specimens
from the viewpoint of its mechanical and deformation properties. Therefore, a modulus of deformability
of 20,600 MPa and Poisson’s ratio of 0.12 were used for the calculation of stress changes in probes
CCBM2 and CCBM3.
Monitoring of stress changes ahead of longwall face
Mining in longwall G6 was started in quarter III 2021. As already mentioned, the monitoring of changes
in stress ahead of the longwall was started on 9 January 2021, after the end of the installation of
geotechnical station GS1. At that time the longwall face was situated at a distance of approx. 575 from
station GS1. Currently, all probes are already in the collapse area of the longwall and the monitoring of
stress was terminated on 7 April 2021. The monitoring of stress changes in all 3 probes was realized by
daily data collection ensured by workers of LW Bogdanka (see Annex No. 3). The data were read by
a pocket computer (PDA – Personal digital assistant). To present the results, stress changes detected
on two probes (CCBM2 and CCBM3) ahead of the advancing longwall face were selected. Probably

University of Wollongong, University of Southern Queensland, February 2022

171

2022 Resource Operators Conference (ROC 2022)
due to a break of the mass, probe CCBM1, which was installed above the tunnel under the longwall,
ceased to provide data on 6 February 2021. The course of changes in the stress tensor components
Sigma 1, Sigma 2 and Sigma 3 as the longwall face was getting closer to individual probes CCBM2 (el.
No. 49) and CCBM3 (el. No. 102) is documented in Figures 8 and 9. The stress components are
distinguished graphically in the figures.
Figure 8 shows the dependence of changes of the monitored stress tensor components (Sigma 1,
Sigma 2 and Sigma 3) measured on probe CCBM 2. This probe was installed in the overlying rocks of
the seam above the area of the longwall being mined (see Figure 4) at a distance of approx. 20 m from
the roof of the mined seam 385. An increase in the significant stress changes at a distance of approx.
150 m from the edge of the longwall face is clear from the graph presented. The smallest stress
component (Sigma 3) is decreasing. The medium stress component (Sigma 2) is around zero values
with a gradual increase in the final phase of monitoring (from a distance of approx. 70 m ahead of the
longwall face). By contrast, the maximum stress component (Sigma 1) is increasing and reaches its
maximum (16 MPa) just in front of the edge of the longwall face (2.2 m on 3 April 2021). In the course
of monitoring, an irregular cyclical increase in the load of the rock mass was recorded in the area of the
installed probe, caused probably by breaking bigger rock blocks in the higher overlying stratum.

Figure 8: Changes in the stress tensor components (Sigma 1 – maximum, Sigma 2 – medium
and Sigma 3 minimum) depending on the distance from the edge of the longwall face (probe
CCBM 2)
Figure 9 shows the dependence of changes in the monitored stress tensor components (Sigma 1,
Sigma 2 and Sigma 3) measured on probe CCBM 3. This probe was installed in the overlaying stratum
rocks of the seam above the area of the longwall being mined at a distance of approx. 15 m from the
roof of the seam 385 being mined. Due to the incline and direction of the installation hole, the probe
provided data at a distance of 10 m from station GS1 and 5.5 m from the side of tunnel 4/VIII/385 (see
Figure 4). An increase in significant stress changes at a distance of approx. 150 m from the edge of the
longwall face is clear from the graph showed. The smallest stress component (Sigma 3) decreases with
a marked decrease at the already mentioned distance of 150 m from the edge of the longwall face. In
the case of the medium stress component (Sigma 2) a more marked decrease up to negative (tensile)
values was recorded in the final phase of monitoring. The maximum stress component (Sigma 1) is
increasing throughout monitoring slowly and reaches its maximum (6 MPa) just in front of the edge of
the longwall face (8 m on 1 April 2021).
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Figure 9: Changes in the stress tensor components (Sigma 1 – maximum, Sigma 2 – medium
and Sigma 3 – minimum) depending on the distance from the edge of the longwall face (probe
CCBM 3)
Deformation analysis by 3D laser scanning
As already described above, scanning in this tunnel took place in 4 cycles on 8 January 2021, 25
January 2021, 2 February 2021, 15 March 2021 and 23 March 2021. From the viewpoint of the distance
from the longwall, point clouds were compared with each other at distances of 576 m, 302 m, 150 m
and 80 m from the longwall. Mutual comparisons are clear from Figures 10 to 14.

Figure 10: View of the geotechnical station; comparison of changes 576 m x 302 m in front of
the longwall
Figure 10 shows that there were no significant changes; the changes marked in green (0.001-0.03 m)
mean changes on cable lines and piping. Deformations of the steel arch support are not visible.
It is clear from Figure 11 that the changes that result from the comparison of campaigns 3 and 4 are of
more significant nature, fully reflecting the influence of additional stresses ahead of the advancing
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longwall face. The green colour means changes in the order of 0.01 to 0.05 m and the dark green colour
means changes of 0.12 m in the inter-week comparison. The yellow range means changes in the order
of up to 0.18 m and the read scale from 0.18 m and above.

Figure 11: View of the geotechnical station; comparison of changes 150 m x 80 m in front of the
longwall
The comparison in Figures 12 and 13 show such changes where, according to the results provided by
the CCBM probes, the initial and slow increase in stress should occur. The changes showed are not of
essential nature; the prevailing green colour (changes of up to 0.06 m) shows rather the handling of the
cable line and a small deviation of the pipe line. On the other hand, due to the possibility of showing at
several angles of view, changes in the floor ground and sides of the tunnel behind the expanded metal
are already captured. Extremes in the form of the red colour are differences caused by cleaning a cloud.
The deformations of the TH reinforcement are not significant at this moment and therefore additional
interpretation is not necessary.

Figure 12: View of geotechnical station GS1; comparison of changes 576 m x 150 m from the
longwall; view of the station opposite to the direction of the longwall
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Figure 13: View of geotechnical station GS1; comparison of changes 576 m x 150 m from the
longwall; view of the station in the direction of the longwall
Figure 14 shows the detected changes within the comparison of campaigns 1 and 4, i.e. distances of
576 m and 80 m from the longwall. The conclusions of the comparison are in full agreement with the
conclusions for the comparison of campaigns 3 and 4 completed with the visible swelling of the floor
ground in such parts of the profile where this is apparent. The swelling of the floor ground is in the order
of 18-45 cm, with the maximums near the axis of the work and with the minimums at the legs of the TH
reinforcement.

Figure 14: View of the geotechnical station; comparison of changes 576 m x 80 m from the
longwall
SUMMARY AND CONCLUSIONS
The objective of monitoring carried out ahead of longwall G6 in tunnel 4/VIII/385 under the longwall was
to check changes in the stress tensor depending on the course of mining. In this case changes in stress
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can be expected due to longwall pressures. Expected changes in stress due to loading by pressures in
front of the longwall were recorded by the CCBM monitoring probes. The very low quality of the RM
(RQD = 10-34 %) in the areas of the designed monitoring of changes in stress disabled to carry out any
reliable measurement of the initial stress tensor using the overcoring method. An increase in significant
changes in stress was recorded on the two installed probes (CCBM2 and CCBM3) already at a distance
of approx. 150 m from the edge of the longwall face. Then a rapid increase in changes in stress was
recorded subsequently at a distance of 75 m from the edge of the longwall face. The maximum changes
in stress of up to 16 MPa were reached just in front of the edge of the longwall face. This captured trend
in stress changes in front of the advancing longwall reflect deformation changes in tunnel 4/VIII/385
under the longwall analysed on the basis of measurement by a 3D laser scanner. On the basis of the
comparison of the first measurement campaign (a distance of 575 m from the longwall) with the second
campaign (a distance of 150 m from the longwall) deformation changes in the ground floor and sides of
the tunnel after the expanded metal in the order of the first centimetres were evaluated. Deformation
changes in the reinforcement and the ground floor of the tunnel in the order of the first centimetres (max.
45 cm in the ground floor) were then deducted from measurement carried out within the third campaign
(a distance of 80 m from the longwall).
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THE ENVIRONMENTALLY INDUCED CORROSION
FAILURE OF CABLE BOLTS IN UNDERGROUND
COAL MINES
Honghao Chen1*, Önder Kimyon2, Cindy Gunawan3, Hamed Lamei
Ramandi1 and Serkan Saydam1
ABSTRACT: The failure of cable bolts, made from high carbon cold-drawn steel wires, is frequently
observed in underground coal mines. Hydrogen-induced stress corrosion cracking (HISCC) is known to
be the main mechanism of such a failure. The groundwater and geomaterials (mixture of coal and clay)
collected from the affected mines have not been found to be corrosive. In this study, we examine the
effect of sulfate-reducing bacteria (SRB), which exist in affected mines, on the failure of cable bolts. We
make stressed coupons from cable bolt wires and test the coupons in different solutions containing SRB.
We find that the hydrogen sulfide produced by SRB promote hydrogen diffusion into the steel and causes
HISCC while the steel is under constant load. The fractures in failed coupons show similar features to
those failed in underground coal mines. This study provides insights into the role of microorganisms in
the failure of underground structures. We recommend future studies to develop prevention measures to
stop hydrogen diffusion into steel or microbial activities around the bolts.
INTRODUCTION
Cable bolts are made from high-carbon cold drawn wires and, thus, have higher strength and flexibility
than conventional rockbolts. Due to the excellent flexibility of cable bolts, they can have lengths larger
than the height of roadway. They are generally manufactured in 8-10 meters length and anchor to deep
stable rocks. In Australia, the cable bolts are usually installed as secondary support, and their integrity
is critical to the safety of the mine site.
Although cable bolting technology has been continuously advanced since its first application, failures of
cable bolts are still observed. The failure can occur within the grout, cable-grout interface, grout-rock
interface, and the cable bolts themselves. Several underground mines have reported the corrosion
failure of both rockbolts and cable bolts due to stress corrosion cracking (SCC) (Wu et al., 2018c, Wu
et al., 2018a, Crosky et al., 2012, Vandermaat et al., 2016, Chen et al., 2018, Kang et al., 2013, Wu et
al., 2018b, Smith et al., Hebblewhite et al., 2003, Gamboa and Atrens, 2003). It was found that the
failure has occurred through environmentally assisted hydrogen cracking, i.e., HISCC (Windsor and
Thompson, 1994, Chen et al., 2016).
Microbiologically influenced corrosion (MIC) is corrosion due to microbial activities (Hadley, 1948).
According to AlAbbas et al. (2013), one in every five corrosion failures worldwide is related to MIC.
Generally, the environment for such corrosion activity is complex. The biomass in the surrounding rock
strata, fluid and other deposits make the determination and observation of MIC very difficult. (Parkins,
1982). Sulphate-reducing bacteria (SRB) is one of the most well-known bacteria causing MIC. It was
first noticed in 1934 (Li et al., 2001). Since then, a substantial amount of research has been conducted
on SRB related corrosion failures (Stipaničev et al., 2013, King and Miller, 1971, Rajala et al., 2019, Jia
et al., 2018). However, further research is still required to fully understand the role of SRB on other
microorganisms in the failure of bolts.
In this study, we use materials from an underground coal mine to mimic the service environment of the
cable bolt. The stressed cable bolt specimen (specially designed consistent with the loading within the
mine tunnels) is tested in solutions containing the mine geomaterials and microorganisms. The pH and
sulphate concentrations are monitored to understand the microbial reactions. The microscopic analysis
is also conducted on the fractured specimen to confirm the mode of failure.
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EXPERIMENTAL PROCEDURES
The cable bolt coupons are made from the king-wire of the cable bolts. The wire diameter is 6 mm, and
its surface is smooth. It has ~ 0.85% carbon, and its yield strength is 1650 MPa. The wire is cut into ~
150 mm sections to make stressed coupons. The chemical composition and mechanical properties as
provided by the supplier are reported in Chen et al. (2021).
The coupons are made using the 3-point bending method (Figure 1) to recreate the service condition
loading (Wu et al., 2019). Coupons are fabricated by tightly joining two parallel wires and securing the
ends with a retention ring. The loading pin made from the same cable bolt material is pushed in by a
hydraulic press to create the load on the outer surface of the coupon. The load on the coupons is ~ 90%
of the material yield strength.
An underground mine in NSW is investigated to determine the failure environment for bolts. Water
samples are collected from the dripping roof water where the failure occurred. The groundwater analysis
of the mine water show that the concentration of corrosive ions is low, and the pH is near neutral (Chen
et al., 2021). The water sample is used in the SRB immersion tests.
DNA extraction and sequencing are conducted on 25 mL of the groundwater sample according to
Bürgmann and Lee’s method (Luk et al., 2018). The samples are analysed at the Ramaciotti Centre for
Genomics, UNSW Sydney, Australia. The community analysis finds a number of bacteria known to
cause MIC, including Thiobacillus, Desulfovibrio, Desulfotomaculum and Sulfurospirillum (Chen et al.,
2021). Desulfovibrio and Desulfotomaculum are SRBs known to produce MIC in steel (Ilhan-Sungur et
al., 2007, Cetin and Aksu, 2009). Therefore, a Desulfovibrio species, D. vulgaris, is used to create
sulphate reduction activity.
Five different test solutions representing different environments were prepared in triplicate. Solution 1
and solution 2 are non-bacterial control with distilled water and groundwater. Solution 3 has 5%, v/v
D.vulgaris; solution 4 has 15 %, v/v D.vulgaris as the accelerated environment; Solution 5 has 5%, v/v
D.vulgaris with geomaterials (mixture of coal and clay). The detail of the preparation process can be
found in the study by Chen. et al. (Chen et al., 2021).
The imaging of bacteria on the coupon surface is done using a DeltaVision Elite inverted fluorescence
microscope. The fractographic and detached biomass analyses are conducted using a Hitachi S3400
scanning electron microscope (SEM) unit.
Loading pin

Locking ring

75 mm inner
length
Figure 1: Design of coupon.
RESULTS AND DISCUSSION

All coupons in solution 4, which has the highest concentration of SRB (the accelerated condition), fail in
the three months duration of the experiment. Other than solution 4, none of the coupons is fractured by
the end of the experiment. The SEM analyses of the fractured surfaces of all three failed coupons
indicate that they all have similar features. Figure 2 exemplifies one of the fracture surfaces. The fracture
origin, highlighted in blue, is approximately 300 μm (Figure 2a). The high magnification images on the
fracture origin (Figure 2b) shows a tearing topography surface (TTS) feature, which is known as a
characteristic of HISCC (Toribio et al., 1992, Wu et al., 2018c, Ramandi et al., 2018). The fast fracture
region (Figure 2c) shows a stepwise appearance that follows the material's microstructure (Toribio and
Vasseur, 1997).
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c

b

a

100 µm

2 mm

500 µm

Figure 2: Fracture surface of failed coupon; a) fracture surface overview; b) high
magnification imge on fracture origin (blue box in a); c) high magnification image on fast
fracture region (red boex in a).
The sulphate concentration of all solutions containing bacteria is examined during the experiment
(Figure 3). The initial sulphate concentration in solution 5 (with geomaterials) is the highest among all
solutions. This suggests that the geomaterials in the cable bolt location can potentially have some roles
in sourcing sulphate in underground mines. Solution 3 and 5 have an insignificant sulphate reduction
over the first two weeks. In contrast, there is a much higher sulphate reduction in solution 4, which
contain a high amount of bacteria and extra organic materials (lactate). The high sulphate reduction is
due to the D. vulgaris activities: oxidising the organic material (lactate) and reducing sulphate (SO42-) to
sulphide (S2-) (Enning and Garrelfs, 2014, Coetser and Cloete, 2005, Straub and Schink, 2004, Biezma,
2001, Beech and Sunner, 2007). Therefore, the overall metabolism of the SRB generates H2S by
producing (S2- ) and then reacting with (H+) in the environment. Such a reaction increases the pH of the
environment (Chen et al., 2021), which is also observed in solutions 3, 4 and 5.
The main reason for the occurrence of failure only in solution 4 is concluded to be the high concentration
of SRB. The extra organic compound (lactate) potentially accelerates the biofilm growth rate on steel
surfaces resulting in severe MIC (Enning and Garrelfs, 2014). This also results in high H2S
concentration, leading to HISCC. The other solutions, despite no fractures, also show sulphate
consumption and pH increases, indicating that a lower concentration of D. vulgaris and the native
microbes can also produce H2S.
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Figure 3: Sulphate quantification of all solutions during the experiment.
Figure 4a shows the biomass attachment on the coupon—the blue colour indicates the microbial
colonies formed by microorganisms present in the groundwater, including D. vulgaris. Figure 4b
demonstrates the high magnification image of bacteria from the biomass. Overall, the findings suggest
that SRB can be one of the main causes of the HISCC failure of the cable bolt through H2S production
in the underground environment.
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a

b

50 µm

2 µm

Figure 4: a) Biomass on the coupon surface; b) SEM image of detached biomass.

CONCLUSIONS





SRB in the groundwater environment can cause the HISCC of cable bolt wires.
Failure requires a critical concentration of hydrogen sulphide produced by the microorganisms.
Groundwater and geomaterials in underground coal mines support the metabolism of
microorganisms.
HISCC may occur in anaerobic underground mining locations where sulphate and organic
matter are present.
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STATIC AND DYNAMIC TENDON PULL-OUT TEST
RESEARCH AT THE UNIVERSITY OF
WOLLONGONG
Sina Anzapour1, Naj Aziz1, Jan Nemcik1, Alex Remennikov1, Ali
Mirzaghorbanali2 and Jordan Wallace1
ABSTRACT: Tendon technology is widely used for strata control in underground coal mines, in both
primary and secondary support systems. The understanding of how they work is crucial to effective
strata reinforcement design. Research on tendon technology is an evolving study and this paper is
aiming at maintaining this evolution by continuing research on load transfer mechanisms under both
static and dynamic conditions, which was reported initially by (Anzanpour, 2021) in ROC2021. This
programme of study includes testing of different strength capacity cable bolts, which have been
important in the stabilisation of the ground around mining excavations affected by rock bursts and
ground seismicity. The aim of the study was to evaluate tendon performance in different loading
environments. From a series of tests carried out in the most recent study, it was found that in pull testing,
the load transfer characteristics vary with respect to the type of testing. The required dynamic energy
for pulling-out a cable bolt can be between 50-80% lower than the static load, based on the cable type
and its geometry (Plain or Bulbed). Debonding and pullout mechanisms regardless of loading rate, seem
to be similar in both static and dynamic tests, however, plain cable bolts behave differently from bulbed
cable bolts in reaction to pull-out load.
INTRODUCTION
Pull-out test research of tendons is undertaken under static conditions both in the laboratory and in the
field. The laboratory pull-out tests are generally carried out using either; a simple single embedment
technique (Aziz, Jalalifar and Concalves, 2006; Aziz and Webb, 2003; Benmokrane, Chennouf, and
Mitri, 1995) or by double-embodiment tests (Bigby and Reynolds, 2005; Thomas, 2012).These pull-out
tests are carried out on encapsulating tendon in a steel tube; in concrete or artificial rock (Ito, et al, 2001;
Martin, 2012); and in situ testing (Aziz, etal, 2016; Compton and Oyler, 2005; Stillborg, 1984). For the
past three decades several pull test facilities have been constructed in Australia, Canada, China, South
Africa and the USA to examine load transfer capacities of tendons under dynamic conditions (Player
and Cordova, 2009;. Player, et al, 2004; St-pierre, 2007; Tannant, Brummer and Yi, 1995), many are
laboratory based studies, while, one rig has been reported, being used in situ (Hadjigeorgiou and Potvin,
2007). However, none of the developed technologies are able to undertake pull-out tests under both
static and dynamic test conditions.
In the 2021 Resource Operators Conference (ROC21), two papers were presented on static and
dynamic pull and shear testing of tendons aimed to better understand the tendon’s behaviour under
adverse ground conditions. Both approaches were considered as innovative under different test
environments which aimed to evaluate tendon behaviour with respect to rock burst, gas outburst and
ground seismicity. The first paper reported on dynamic shear testing of tendons by using the double
shear apparatus (Khaleghparast, et al, 2020) while the second paper by (Anzanpour et al., 2021)
discussed the development of the new pull testing apparatus for tendons under both static and dynamic
conditions. The availability of the various types of compression testing machines to carry out static
loading studies and the impact drop hammer rig in the laboratory of the faculty of Engineering and
Information Sciences of the University of Wollongong provided the opportunity to carry out the static and
dynamic tests in one location. In the preliminary study on pull-out testing, two plain Megabolt MW9 nine
wire plain cable bolts were used, one for the static test and the other for the dynamic test. A 300 mm
long section of each cable was anchored in 300 mm diameter cylindrical concrete blocks. The
comparison between static and dynamic test results revealed that the dynamic pull-out force was roughly
1
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30% lower than that of the force spent to pull-out statically, because of the absence of time related
frictional force needed to pull out the cable. Recognising the benefit and potential of the new pull out
apparatus being presented, it was decided to extend this programme of research to include testing of
different make tendons; accordingly, this paper is a further extension to the project which includes the
testing of different cable bolts, both plain and bulbed cables, using both cementitious as well chemical
resin grouts of varied strength.
TEST MECHANISM AND THEORIES:
In cable bolts, failure of the anchorage is possible due to (Figure 1):
1. Debonding of the cable end in the bore hole (Mode 1)
2.

Tensile failure of the cable in the joint section (Mode 2)

3.

Failure of the either cable or B&W in the outer end of the anchorage system (Mode 3).

3

2

1

Figure 1: possible failure modes of anchorage under axial loading condition
The designed apparatus is capable of examining all three modes of failure however, in this particular
paper the main purpose is to assess debonding of the cable and the encapsulation material (Mode 1)
under both static and dynamic loading conditions. The design and structure of the developed rig has
been previously discussed in (Anzanpour et al., 2021). Figure 2 depicts a schematic view of the rig and
loading machines, both in static and dynamic modes. Locations of the data loggers, Linear Variable
Differential Transducer (LVDT) and displacement lasers are shown in the figure.
In stable ground conditions, gradual subsidence of the roof usually occurs over the life of the tunnel. In
the laboratory, implementing long-term loading is not practically efficient and viable. The loading rate of
the samples by hydraulic pumps can be controlled be servo-controlled systems which control the
hydraulic flow rate based on either the required load or displacement. The current facility is capable of
applying the displacement-controlled load at the minimum rate of 1 mm/min (10 μm/s). This rate in
comparison to the static loading in a mine is much faster, however, since no kinetic load is applied to
the sample during loading, it can be classified as a quasi-static loading condition. However in this study
they are simply called static tests. Dynamic loading of the ground occurs as a direct result of sudden
wave propagations in the ground. Waves might be produced by explosions, global ground activities
(Earthquakes) or local ground activities (Mining induced earthquakes, rock bursts, coal burst, coal
bump). In all the aforementioned phenomena a massive amount of energy is transferred to the
surrounding medium of the tunnels and underground excavations.
The acquired data from static and dynamic tests in the laboratory are normally load changes in time or
displacement (pull-lout length) in time. However, in dynamic testing, load is applied at almost 30 ms
which in comparison to static testing, this time is negligible. Also, due to the impulsive nature of the load
in dynamic tests, recorded load data are not easily comparable with static tests. Hence, applied load
and induced displacement in both static and dynamic tests are rewritten based on work and energy
laws. Then the consumed energy is divided by the length of displacement (pullout length) to produce
the normalized energy per mm of the embedded cable length, expressed in Joules per millimetre (J/mm).
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Figure 2: Diagram of static testing setup and connected data recorders and data
loggers (Left), and Setup of the dynamic test by using the drop hammer (Right).
There are some physics law and assumptions that have been considered, as facts, to simplify the
analysis:
 In the static analysis, according to the work and energy conservation law, the conservation of
energy for the static test can be written as:
𝑙

𝑙

𝑙

∫ 𝑚𝑠 𝑔 𝑑𝑙 + ∫ 𝑓 𝑑𝑙 = ∫ 𝑓𝑘 𝑑𝑙
0

0

0

Where 𝑚𝑠 is the mass of the sample, 𝑓 is the applied load causing the displacement of 𝑙, and 𝑓𝑘 𝑑𝑙
is the cumulative energy of all resistants including energy absorbed by B&W, elastic elongation of
the cable and energy spent in overcoming the pull-out force.
 In dynamic testing, the mass of the hammer (𝑚ℎ ) in a frictionless constrained environment, falls
freely from a height of ℎ and impacts the sample 𝑚𝑠 in its stationary position. The velocity (𝑣ℎ )
of the hammer at the instant of the impact is √2𝑔ℎ.
 Since the applied momentum in the dynamic test causes massive deformation and destruction of
the sample, the assumption of inelastic momentum can be considered. For inelastic momentum, it
is assumed that the impacting hammer and the impacted sample will move together with a new
velocity (𝑣𝑠 ). Thus, the initial applied velocity on the sample (𝑣𝑠 ) can be determined from:
𝑚ℎ 𝑣ℎ
𝑣𝑠 =
𝑚ℎ + 𝑚𝑠
Practical developments of the testing system
While the designed system was introduced in 2021 and some trial pull-out tests were carried out and
the performance was verified, there remained some minor problems, which were seen also in other
similar studies. Hence, it was decided to undertake the following improvements to the testing system;
Effect of confinement: In order to prevent lateral and diameteral crack formation in the host concrete
blocks during the pull-out test, concrete cylinder bocks were directly cast in 5 mm thick steel tubes.
These continuous walled tubes were different from the past practices used by Hagan and Li (2017) and
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Anzanpour et al., (2021). it was thus possible to cast concrete directly inside the 300 mm diameter
tubes at two different heights, 300 mm and 450 mm as shown in Figure 3.

Figure 3: samples cast directly in steel tubes
Double-embedment and anti-rotation: In previously developed testing technologies such as those
reported by (Hagan & Li, 2017), the hollow hydraulic pump was placed between the concrete sample
and the Barrel and Wedge (B&W). The uncovered length, known as the second embedment length of
the cable inside the hollow pump, was separately grouted and gripped; otherwise elastic elongation,
unwinding or cable failure could occur in this area. The longer the second embedment length the harder
it is to prevent elastic deformation and unwinding forces. With some minor modifications to the design,
the second embedment length could be reduced to 100 mm. This resulted in only 3 mm elastic
elongation of the second embedment length and consequently more load being transferred to the
concrete sample, which provides the chance of testing stronger and longer bonds. Also, the antirotation setup may simply constrain the cable unwinding, so that an insignificant momentum is applied
on the anti-rotation plates and free movements in the vertical direction can take place (Figure 4).

Figure 4: Shorter second embedment length and modified anti-rotation system with minimum
friction
RESULTS, ANALYSIS AND DISCUSSION
Twelve different pull-out experiments were conducted using both plain and bulbed nine-wire Sumo
cables in static and dynamic modes. Grout thickness, embedment length, concrete strength and curing
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age were maintained constant throughout the duration of the testing programme. The loading rate for
all static tests was 3 mm/min and the drop height for the dynamic test was set to 2.5 m. Table 1
summarizes the results of pull-out tests. Normalized pull-out energy was calculated as a comparative
parameter between the static and dynamic results. As stated in Table 1, bulbed cables are capable of
absorbing up to 60% more energy and encountering less pull-out displacement under dynamic loading
conditions compared with the plain cable. Higher axial load on the bulbed cable indicates that the bulb
is actively working as a point anchor inside the borehole, which leads to a greater tensile load acting on
the cable bolt. This is not the case with plain cables under both static and dynamic load conditions;
where the tested cable debonds from grout.
Table 1: Results of static and dynamic pullout tests
Test
No.
1
2
3
4
5
6
7
8
9
10
11
12

Test type

Static

Dynamic

Cable Type
Plain
Plain
Plain
Bulbed
Bulbed
Bulbed
Plain
Plain
Plain
Bulbed
Bulbed
Bulbed

Pull out load
kN
317
353
330
511
553
544
-

Absorbed
energy*
kJ*
14.5
38.5
28.6
15.4
14.5
50.1
8.9
9.6
7.1
9.9
9.9
10.2

Pullout
displacement
mm
68
148
114
55
54
120
69
69
56
48
47
47

Normalized Pullout
Energy
kJ/mm
0.21
0.26
0.25
0.25
0.28
0.42
0.13
0.14
0.13
0.21
0.21
0.22

𝒍

* Absorbed energy (kJ) = ∫𝟎 𝒇 𝒅𝒍
The comparison between static and dynamic normalized energy reveasl that the required energy due to
the pull-out of cables dynamically are in the range of 50-60% of the static tests for plain cable and 7580% for the bulbed cables (Figure 5).

Figure 5: comparison of static and dynamic pullout tests
Test results revealed that the dynamic pull-out occurs with less required energy in comparison to static
testing. This can be directly related to the effect of the friction coefficient of materials particularly under
static pull conditions; further studies are needed for the better understanding of the debonding
mechanism. Several high speed cameras, as well as LVDT’s and displacement lasers were used for
data retrieval and subsequent analysis. (Figure 6) shows free bottom ends of the plain cables, before
the start of pull testing and after almost 30 minutes of static test. One of the wires of the cable bolt was
painted white as the movement indicator. The position of the camera was placed strategically to observe
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any cable movement. Observations revealed the tendency of the cable bolt to unwind at the free end in
order to slide through the grooves created on the grout surface instead of breaking grout in shear. This
behaviour is against what has been recorded in pull-out test rock bolts (Aziz et al., 2006).

Before starting the static test

After 30 minutes running the static test

Figure 6: 40 degree rotation in the direction of unwinding of the cable bolt during the static test
Similar unwinding behaviour can be seen in the dynamic tests, which showed that the rate of loading
did not alter debonding mechanism of the plain cable bolt. Similar unwinding behaviour can be seen in
the bulbed cables; however, there were some slight differences in its structure. The hollow tube of the
cable bolt in the plain cable was perfectly covered by wires and welded to the wires at both ends. Hence,
as the wires unwind, the hollow tube twists accordingly. In the bulbed cable, there is gap between wires
and the hollow tube in the bulbed zone, which is filled by grout encapsulation material, and does not
allow free twisting of the hollow tube; consequently, the middle hollow tube remains fixed to the grout,
while the wires are unwound during the pullout process. Eventually, the weld between wires and tube
break, and disconnected, leaving the hollow tube in place and not being pulled out with the rest of the
wires (Figure 7). This situation could be seen in both static and dynamic tests.

Figure 7: Failure of the bulbed cable bolt in static (Left) and dynamic (Right) pull tests
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In the next step, samples were cut and the debonded surface of the grout was carefully observed. The
grout surface in the static test was more severely damaged especially at the top of the sample were
pull-out initiates. The intensity of grout failure was decreased in the lower parts of the sample (Figure
8). In dynamic tests, due to the factor of time, grout was less damaged or broken, while severely burnt
surfaces of the grout clearly show the high friction interaction between the cable bolt and the grout.
Top side

Top side

(a) Static test- Plain Sumo
(b) Dynamic test- Plain Sumo
Shear failure was dominant
Friction burnt surface was dominant
Figure 8: Grout damage intensity after static and dynamic tests with plain cable
CONCLUSIONS
This paper is following previous studies on the behaviour of tendons in tension and shear carried out at
the University of Wollongong. The newly developed Pull-out test apparatus was introduced at ROC2021,
and this study is a continuation of the experimental investigations around different tendons under both
static and dynamic loading conditions. In two recent studies conducted on two different cables of ninewire Sumo (Plain and Bulbed) cables, it was found that;
 the required energy for pull testing of plain cable bolts dynamically was in the range of 50 60% of
the static test and 75-80% of the bulbed cable; Direct casting of concrete in solid steel tube
confinement prevented radial crack formation during pull-out tests, thus enabling better evaluation
of the load transfer mechanism estimation, as the presence of radial cracks results in lower values
for test results.
 In general, the pull-out of cable bolts is a combination of two mechanisms; 1) Rotational movement
of the cable in order to slip through the grout grooves which results in frictional force on the grout,
and 2) Axial elongation and movement of the cable which results in shear failure of the grout
ridges. While rotational movement of the cable was common in both static and dynamic tests, it
was the dominant mechanism in dynamic tests. Unbroken grout ridges and more severe black print
on the surface of the grout has aggravated the situation. But in static tests, the elastic elongation
of the cable is allowed to occur, and there is greater chance of shear failure happening in the grout
ridges, which necessitated more load being required for the cable to be pulled out. This statement
was reinforced by physical evidences during the post-test investigations. More severe grout
damage, due to shear forces, occurred in static test samples while more severe frictional prints
were observed on the grout surface in dynamic tests.
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DEVELOPMENT, TRIALS AND TESTING OF AN
INNOVATIVE METHOD TO IMPROVE STRENGTH
CHARACTERISTICS OF HOLLOW CABLE BOLTS
Matthew Holden1, Elliot Ashby2 and Peter Craig3
ABSTRACT: The 70 t Sumo is a resin point-anchored, pre-tensioned, post-grouted hollow cable bolt for
tunnel roof support, particularly in poor ground conditions. An innovative ancillary product to the 70 t
Sumo is the Booster cable, which is designed to reinforce the Sumo and enhance the systems shear
and tensile performance. The Booster cable is an 11 mm 7-wire PC strand with a nominal breaking load
of 15 tonnes, which is inserted into the hollow centre tube of the 70 t Sumo after grouting, while the
grout is still pliable. Theoretically, the Booster can increase the tensile and shear capacity of the 70 t
Sumo by up to 20%. The Booster reinforced 70 t Sumo is useful in high demand conditions where
additional support strength is required without the need to install new support.
This paper will present results from laboratory tests undertaken to quantify the tensile and shear
characteristics of the 70 t Sumo reinforced with the Booster cable. A case study of a support trial using
Booster reinforced 70 t Sumo cable bolts at a Dendrobium is also presented in this paper. The Booster
cable successfully reduced 70 t Sumo cable bolt densities by 25%, from four cables per meter to three.
INTRODUCTION
High-strength, post-grouted hollow cable bolts have become ubiquitous in the coal mining industry for
both primary and secondary support in demanding conditions. The popularity of the hollow cable bolt
stems from a combination of its high load bearing capacity, flexibility and convenient installation method,
when compared to other types of cable bolt products. Hollow cable bolts are installed by point anchoring
cable with polyester resin capsule (either off the continuous miner or as a secondary process out-bye),
pre-tensioning (using hydraulic tensioners or a torque-tension device) and then fully encapsulating in
grout. The grouting process uses a top-down technique facilitated by the hollow centre tube. In general,
cable bolts are used to anchor the immediate roof to deeper, more competent rock formation as well as
reinforce roof strata beyond the extent of shorter, rigid rock bolts.
The 70 t Sumo is a high-capacity hollow cable bolt manufactured by Jennmar Australia. The 70 t Sumo
is constructed from 12 smooth, high-tensile steel wires helically wound around a corrugated steel centre
tube. The centre tube has two primary functions i.e. transmission of an encapsulating medium (typically
a thixotropic, cementitious-based grout) to the end of the cable and radially supporting the outer wires
under load. The corrugation in the centre tube provides rigidity in the radial direction to support the
inward pressure from the outer wires when under tension whilst maximising flexibility in the longitudinal
direction by minimising wall thickness. The latter aspect is critical for reducing manual handling efforts
when manoeuvring the cables underground, particularly when installing off a continuous miner where
space is limited. However, once the centre tube has fulfilled its function as a conduit for grout, the void
within the centre tube provides little to no value to the functionality or mechanical properties of the
system. A new innovative product called the Booster cable was developed to take advantage of this fact
by introducing a secondary reinforcing element to occupy the hollow centre tube after grouting and
enhance the mechanical properties of the system. The Booster cable is a seven wire 11.1mm steel
strand with a nominal breaking strength of 15 tonnes. The Booster cable is inserted into the hollow
centre tube immediately after grouting while the grout is still wet and pliable. The Booster cable displaces
excess grout, which is expelled from the drill hole, and is eventually encapsulated by the grout as it
settles around the wires. The Booster cable is retained in the centre tube by a plastic plug that engages
with the grout adaptor. The plug supports the weight of the Booster cable until the grout has set.
The 70 t Sumo Booster system is adaptable. The Booster system can be deployed regularly to reduce
support densities or sporadically to boost support capacity as conditions change and demand fluctuates.
1
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The Booster cable requires little to no additional time to install, as the process of inserting the Booster
into the centre tube is concurrent to grouting.
Roof deformations such as bedding plane separation and lateral movement can induce both tensile and
shear strains in cable bolts. Therefore, it was important to understand and quantify the effect of the
Booster cable on the 70 t Sumo cable performance under such strains. As a result, laboratory test work
in the form of single (guillotine) shear tests and double embedment pull tests were undertaken during
product development. This paper will present the test methodology and results from each set of tests.
To assess the in-situ performance of the 70 t Sumo Booster cable system an underground support trial
was completed at Dendrobium.
LABORATORY TENSILE AND SINGLE SHEAR TESTS
Single (guillotine) shear test
Single (guillotine) shear tests were conducted on 70 t Sumo cables with and without Booster cable
reinforcement to quantify the effect of the Booster on shear performance of the 70 t Sumo cable bolt. A
single (guillotine) shear test setup was adopted due to its simplicity and availability to the authors at the
time of product development. The shear frame was derived from the shear test setup detailed in British
Standard 7861-2 (2009) for flexible roof support systems. Figure 1 shows a schematic and photo of the
single (guillotine) shear test frame and setup. A total of four shear tests were completed during
development; two 70 t Sumo cables reinforced with Booster cables and two unreinforced.

Figure 1: Single (guillotine) shear test setup (derived from BS 7861-2, 2009)
The test specimens were prepared by casting 750mm long 70 t Sumo cable, with and without Booster
cables, into PVC pipe. The 70 t Sumo had two 42 mm bulbs spaced 300 mm apart in an attempt to
anchor the cable either side of the shear plane. One end of the PVC pipe was taped closed and TD80
grout was poured into the pipe, mixed at the 7 litres per 20 kg bag. The cable centre tube was filled with
grout, using a hand operated piston pump, and then lowered into the grout-filled PVC pipe. The cable
was gradually twisted during insertion to ensure full grout penetration between the wires, particularly at
the bulbs. For test specimens with Booster cables, the Booster cable was then inserted into the centre
tube. The test specimens were left to cure for 28 days before shear testing was completed. Uniaxial
compression strength (UCS) testing on three 50mm grout cubes yielded an average UCS of 78 MPa.
It should be noted that the PVC pipe was intact across the shear plane and could contribute to the
measured shear force. However, the shear capacity of the PVC pipe was considered negligible
compared to the shear strength of the cable and grout. Once the grout had cured, the test specimens
were shear tested. The shear frame was prepared by applying grease (specifically, Puma Minegrease
Moly EP2) to the contact faces and bolting the two halves together. The grease reduced the shear force
contribution from sliding friction between the shear frame contact faces. The four M20 bolts holding the
two halves of the frame together were torque-tensioned to 20 Nm. The shear guillotine frame was
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mounted in a 100 t universal test machine and compressive load applied to the frame at a displacement
rate of 5.0 mm/min. Loading was continued until wire/strand fracture occurred or the maximum
displacement limit for the shear frame was reached. The shear frame was dismantled after each test to
inspect the shearing surfaces, repair any damage to the bushings and reapply grease.
Figure 3 shows a plot of the shear load versus crosshead displacement and Table 1 provides a
summary of the peak shear load and corresponding crosshead displacement for each test. The
unreinforced 70 t Sumo cable achieved an average shear strength of 506 kN (or 51.6 tonnes). The 70 t
Sumo reinforced with the Booster cable achieved an average shear strength of 657 kN (or 66.9 tonnes).
On average, the Booster increased the shear breaking strength of the 70 t Sumo by 30%, which is higher
than the theoretical increase of ~20%, based on the individual breaking strength of both cables.
However, it is expected that a larger data sample size would trend towards the theoretically predicted
increase of 20%. The ratio of ultimate shear strength (USS) to ultimate tensile strength (UTS) was
approximately ~75% for three of the four tests as highlighted in Table 1. This is consistent with the
general understanding that the USS of steel is approximately 75% UTS.
It should be noted that the ends of each cable specimen were terminated by welding the individual wires
together. During shear loading, the welds broke allowing the wires to slide independently of one another
and pull through the grout annulus.

Typical heavy
contact with
steel bushing
Without Booste

With Booster

Without Booster (top); With Booster (bottom)

Without Booster

With Booster

Figure 2: Various photos of 70 t Sumo with and without Booster after single (guillotine) shear
testing
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Single (Guillotine) Shear Test
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Figure 3: Load vs crosshead displacement results for single guillotine shear tests on 70 t
Sumo with and without Booster reinforcement
The wires exhibited characteristic shear-type failure as illustrated by photos of the cables after testing
in Figure 2. The shear failure resulted from steel on steel contact between the wires and the bushing,
also highlighted in Figure 2. It is quite apparent that this type of contact does not occur in-situ and is
one of the main drawbacks with this particular type of shear test setup; a point that was also highlight
by Aziz, et al (2016). When cables are sheared underground, the less stiff rock tends to crush locally
allowing the cable to bend rather than shear. Bending allows the wires to load in tension rather than
shear, resulting in a higher shear force resistance. Therefore, the single (guillotine) shear test is
considered more aggressive and conservative compared to other types of shear test setups that more
realistically simulate rock with concrete blocks; such as double shear test setups used by Aziz et al
(2015 and 2016) and Craig and Aziz (2010) and single shear setups used by Aziz et al (2017). That
being said, the single (guillotine) shear test does provide an effective means to compare the shear
performance between similar systems. Future testing of the 70 t Sumo Booster with double or single
shear test setups that use concrete blocks would be beneficial.
Table 1: Summary of single (guillotine) shear test results
Specimen
configuration

Ultimate shear strength, USS (kN)
#

Average

528 (53.8)
Without Booster

Crosshead displacement
at USS (mm)

USS / UTSavg
(%)

30.81

74%

30.80

68%

32.81

75%

33.03

77%

506 (51.6)
484 (49.3)
647 (66.0)

With Booster

657 (66.9)
666 (67.9)

Double embedment pull test
The double embedment pull test aimed to determine the tensile performance benefit of the Booster
cable to the 70 t Sumo cable bolt system. It was unknown to what extent tensile load would be
transferred through the various components in the 70 t Sumo Booster cable system. The composite
nature of the system results in numerous interfaces, through which load must be transferred. Of
particular interest was the load transference from the outer wires through the centre tube. It was
predicted that the combination of regularly spaced bulbs and the corrugated centre tube would provide
the best degree of load transference to engage the full capacity of the Booster strand. The bulbs spaced
at 500 mm centres allows grout to penetrate between the wires and encapsulate the corrugated centre
tube. The corrugations in the centre tube create a mechanical interlock between the inner and outer
grout annuli that can more effectively transfer loads to the Booster cable than a straight, smooth tube.
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The test specimens for the double embedment pull test were prepared by casting 1.5m long 70 t Sumo
cables, with and without Boosters, into an axially split pipe. Two 750 mm long high-tensile steel pipes
were joined end-to-end with a plastic PVC coupler and tape. The PVC coupler ensured the longitudinal
axes of the pipes were properly aligned. The end of one pipe was sealed closed with tape. The hightensile steel pipe was internally threaded along the entire length with a M42 x 2.0 metric thread to
simulate a rough drill hole and ensure bond failure occurred at the cable/grout interface as opposed to
the grout/pipe interface.
TD80 cement grout was mixed at 7 litres per 20kg bag and pumped into the centre tube of the 70 t Sumo
cable using a hand-operated piston pump. The cable had four bulbs located along its length to anchor
the cable inside the steel pipe. Two bulbs were positioned either side of the pipe joint, leaving a straight
section of cable across the joint as illustrated in Figure 4. The bulbs were spaced 250mm from each
other and the centremost bulbs 275mm from the pipe joint. The pipes were filled with grout and the 70 t
Sumo cables were lowered into the pipes. For test specimens with Booster cables, the Booster cable
was then pushed into the grout-filled centre tube. The specimens were left to cure for 28 days before
testing. Uniaxial compression strength (UCS) testing on three 50 mm grout cubes yielded an average
UCS of 78 MPa. Once the grout had cured, the test specimens were pull tested. The specimens were
mounted into a 100 tonnes universal testing machine using two sets of gripper jaws. The gripper jaws
were spaced 740mm apart and equidistant from the pipe joint as illustrated in Figure 4. Tensile load
was applied to the specimens at a displacement rate of 25 mm/minute until wire fracture occurred. Four
double embedment pull tests were completed; two 70 t Sumo cables reinforced with Booster cables and
two without.

Figure 4: Setup for double embedment pull test
Figure 6 shows load versus crosshead displacement graph for all four double embedment pull tests.
Table 2 provides a summary of the peak load and corresponding crosshead displacement for each test.
The unreinforced 70 t Sumo cable reached an average breaking strength of 711 kN (or 72.5 t). The
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70 t Sumo reinforced with the Booster cable achieved an average breaking strength of 861 kN (or 87.8
tonnes). On average, the Booster increased the tensile breaking strength of the 70 t Sumo by 21%,
which is close to the theoretical increase based on the individual breaking strengths of both cables.
The majority of crosshead displacement could be attributed to gripper jaw movement as well as some
degree of debonding between the cable and grout annulus. The extent of debonding was unknown but
most probably extended along the straight section of cable between the two, centremost bulbs on either
side of the pipe joint. Confinement from the gripper jaws may have also influenced the level of
debonding.
All wires fractured simultaneously in all four tests, including the Booster cable. Figure 5 shows the wire
fracture surfaces for both the unreinforced 70 t Sumo and 70 t Sumo reinforced with the Booster cable.
As can be seen in the photos, the wires exhibited cup-cone type fracture, which is typical of a ductile
tensile failure.
As with most laboratory based tests, the double embedment pull test does not exactly simulate in-situ
loading conditions. However, the test setup did provide a good method for assessing the relative tensile
performance enhancement of the Booster cable, similar to the single (guillotine) shear test.

Cup-cone type fracture surface

Figure 5: Typical wire fracture surfaces from tensile overload: 70 t Sumo (left), and 70 t Sumo
with Booster (right)

Double Embedment Pull Test
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Figure 6: Load versus crosshead displacement results for double embedment pull test on 70 t
Sumo cable with and without Booster cable reinforcement
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Table 2: Summary of double embedment pull test results.
Specimen
configuration

Ultimate tensile strength , UTS (kN (t))
#

Average

Crosshead displacement
at UTS (mm)

710 (72.4)
Without Booster

35.55
711 (72.5)

713 (72.7)

37.16

860 (87.7)
With Booster

46.50
861 (87.8)

862 (87.9)

46.67

UNDERGROUND INSTALLATION TRIALS
The first underground support trial for the 70 t Sumo Booster cable was conducted at South 32’s
Dendrobium Coal Mine. Over 1,000 70 t Sumo Booster cables were installed as secondary support in a
maingate heading. The secondary support pattern consisted of three 70 t Sumo Booster cable per meter,
varying in length from 8.2m - 10.2m depending on the support requirements. The pattern replaced a 4
x 70 t cable bolt per meter pattern typically used for structured and high stress notch areas in the gate
roads. Figure 7 shows the 70 t Sumo Booster cables installed in the roof. The 70 t Sumo cables were
installed off a new over-belt bolting unit, which provided easier access for grouting and insertion of the
Booster cables. The over-belt bolting unit also permitted even spacing of the cable bolts across the
roadway.

Figure 7: Photos of 70 t Sumo reinforced with Booster cable installed underground at
Dendrobium
Lithology and geotechnical setting
The Wongawilli coal seam is 9 - 10m thick in the area. The bottom 3.5 – 4 m of the seam is mined,
leaving ~5m of weak strata in the immediate roof horizon. The overlying unit is typically laminated
sandstone and siltstones up to 60 MPa UCS. There are moderate levels of small faulting, typically
normal faults of between 0.05 - 0.3 m displacement. The small faults are associated with a large fault
system approximately 150 m away that has a displacement of up to 25 m. The general area has a CMRR
of around 34-35 and the depth of cover ranges from 360 m to 380 m. The cables were located at the
start of a main gate stress notch after coming out of the shadow of the adjacent longwall goaf. This area
often sees up to 200 – 300 mm of roof sag and floor heave up to 400 – 500 mm. Typically, support
designs assume a horizontal to vertical ratio of 2.5 in this area.
Trial outcomes
The 70 t Sumo Booster cables performed as expected. There were similar amounts of roof movement
and roadway deterioration to previous longwall gate roads supported with a four by 70 t hollow cable
pattern. For instance, tell-tale data from a 4-way indictor, located ~16 m from the longwall face, showed
total roof movement of 45 mm (with 40 mm of movement occurring in the immediate 4 meters of roof).
Overall, the Booster reinforced cables managed the conditions well to ensure production was never
exposed to potential strata failures in the maingate. From an operational standpoint, the implementation
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of the 70 t Sumo Booster enabled a reduction on support densities by 25%, resulting in cost savings in
both raw material and labour to install.
Insertion of the Booster cable into the centre tube could be further optimised with the development of a
tool to aid installation in mines with high roof heights. Beyond a certain height, the flexibility of the
Booster cable can make it challenging to insert into the centre tube, requiring the use of a ladder or
platform to minimise flexure in the unsupported section of cable. Such a tool could be of simple
construction; a pipe with a clamping arrangement to attach to the 70 t Sumo tail, similar to clamp-on
grouting lances. The tool would effectively extend the centre tube down to a reasonable working height
and negate the need for ladder use. The Booster would be pushed through the pipe using a push rod,
which would also seat the retaining plug into the grout adaptor. The tool would also include a grout shield
or catcher to prevent operators being exposed to excess grout coming from the holes as the Booster is
inserted, which was raised as a concern during the trial. Mine personnel also suggested that an
automatic cable feeder system would make Booster insertion faster and less strenuous on operators. It
would be worth considering developing such a feeder system in the future.
CONCLUSIONS
Laboratory experiments demonstrated that the Booster cable improves both the tensile and shear
performance of the 70 t Sumo hollow cable bolt. Double embedment pull tests showed that the Booster
cable improved the 70 t Sumo tensile strength by up to 20%, from 711 to 861kN. Single (guillotine) shear
tests that the Booster cable improved the 70 t Sumo cable shear strength in excess of 20%, from 506
to 657 kN. Although both tests were not truly representative of in-situ loading conditions, the test
results provide sufficient comparative assessment of the performance benefit of Booster cable
reinforcement.
Successful bulk support trials were completed at Dendrobium in a longwall maingate heading. Over
1000 8.2 m and 10.2 m 70 t Sumo Booster cables were installed as secondary support prior to longwall
retreat. Support densities were successfully reduced by 25%, from four cable bolts per meter to three,
by using the 70 t Sumo Booster cable system. The system successfully supported the gate road during
longwall retreat, with the roadway exhibiting similar roof movement and deterioration to previous
longwall panels using the denser cable bolt pattern.
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MANAGING MINE SITE DATA
Martin Kimber1
ABSTRACT: In a world of Digital Data, companies fail in utilizing efficiencies when using multiple storage
locations for various departmental data. Companies collect data in various ways, if this is presented
within an easy-to-use system it becomes information, leading to knowledge. It needs to be stored in an
easily accessible system, and one that requires minimal training, otherwise an employee will not buy
into the use of the system.
Often, common data is of interest to different departments. For example, Human Resources (HR) need
personnel information, also do the Safety and Training department, but the data is not linked. Many
other examples of duplication exist within their corporate structure, which if this data was shared,
productivity would increase.
What is needed is a system that integrates all the data captured whilst allowing any employee to retrieve
it quickly. By doing so the number of employees required to process data can be reduced, allowing those
people to be gainfully employed in other duties with their ‘spare time’. This becomes a productivity gain
for the company.
Realising this was a problem, software was developed with the aim of making it as versatile as possible
and of course, easy to use.
The solution discussed below addresses this problem by providing various departments the ability to
share the same data file across all network devices including mobile devices. It thus allows all users to
access current information meeting their requirements. Furthermore, should any user require either the
capture or the dissemination of different data, the database can be easily modified to their requirements.
THE PROJECT
A typical scenario
A new (staff) employee arrives to work, and is shown the office they will use. The computer on the desk
is probably running a version of MS Windows and the only useful software on it is MS Office. The
employee has tasks to perform, and data to record, so how does that happen?
Of the available programs (often), MS Excel is used for recording data, but MS Excel is not a database.
The next issue to confront is that any document created, is not necessarily stored on a location for other
users can access, or, it cannot be accessed concurrently by multiple staff, it is probably stored on the
local machine. Instantly there is a problem in communicating the data to other people and shared, who
has the most current file with the most recent data in it?
To complete their tasks, people require knowledge, not just data. This is achieved by reviewing the
captured data and transforming it into information by filtering and presenting it an appropriate way. It
then becomes knowledge.
How many times have people input data more than once, simply because the system has not been
structured correctly? If one has a database of people, and need to output some address labels, it would
be simply a task of designing a ‘report’ format to perform the task, and yet there are companies that
have a specific table for address labels, independent of the main file.
A Mine Manager recently stated that his company employed four people to process recruitment
paperwork, and they were still having difficulty doing so. Obviously, their system had not thought out
properly. It was probably derived from ad-hoc circumstances, which now have become too cumbersome
for efficient processing. Many times, people input data more than once, simply because the system has
not structured correctly. If data is captured, then this data can be massaged into a format chosen time
and time again. If there are changes made to the main file, they are mirrored in the new output format
without the need to edit the file.

1.
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Commencing in 2005, design consideration was given to a suitable database whilst employed at an
Australian mine site. The database format has successfully been used in all subsequent roles both
domestically and international and was named ‘iNfO’, i.e. Integrated Network Filing Options. http://infosoftware.net
In the development cycle, discussions were held with many people across a variety of roles to get an
understanding of what data they needed reliable and quick access to, thus enabling them to perform
their role efficiently.
THE RESULT: ‘INFO’ - ‘INTEGRATED NETWORK FILING OPTIONS’
Companies may have an existing system; however, it is probably limited, consisting of various
independent solutions that are not connected (interfacing) together. Considering the various systems
currently installed, it should be noted that they fail in providing a ‘complete solution’ to what all mine
departments need. They concentrate on the security gate, and currency of qualifications. They do not
offer other modules such as document management, contractor management, production reporting or
mining/engineering delays. How many of these systems offer an easy way to export or import data?
iNfO is an integrated system offering the capture of data, which is then converted into information for
the user to utilise and thus have knowledge. Specifically, it captures routine data, and can present it to
the user as a visual or printed output. Data may be input via a keyboard, RFID card reader, or imported
(Custom-Separated, Comma-Separated, Merge, .xls, .xlsx and dBase) and exported (Tab-Separated,
Comma-Separated, DBT, Merge, HTML Table, XML or Excel formats).
The data file defaults to English; however, it can use custom languages at any time, concurrently with
other users. For example, one user can select ‘English’ and another select ‘Russian’ to access the same
file. Whilst this feature is active, full compatibility is dependent on confirmation of various language
dialects to be confirmed and entered in consultation with the client at time of installation / configuration,
e.g. Spanish dialects vary between Spanish speaking countries.

Figure 1: INFO login screen for various languages
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Designed to suit various users. The labels of the fields can be changed to suit client requirements, e.g.
in the ‘Production’ table the label for ‘cars’ (underground coal) may be altered to ‘trucks’ (to suit
underground metal or open cut).
The database includes the monitoring of employees, companies contracted to perform irregular tasks
(such as mowing lawns, clearing trees or excavations) and the employees of those companies (known
as contractors), and of course, visitors, in fact all persons that attend the site (facility). It allows ALL
persons (by entering their employee number / contractor ID via a keyboard or I.D. card) to view their
own records, and to record their attendance, and if necessary, access the document management area
of the database to view stored documents (such as SWPs, MSMPs, RA’s in fact, any document, audio
file or video in the document management system).
Since visitors are also required to log in, (and if it is their first visit, their company details are recorded,
their photo and signature can be captured with the use of a portable tablet), the system can output a
self-adhesive label for them to apply to their clothing.
The site or client administrator has ‘super-user’ permissions and can create accounts for ‘registered
users’ so long as the number of registered users does not exceed the software licence. Registered users
have access to view and edit records (within their privilege settings). If a registered user forgets their
password, they can automatically request a new one by clicking on a link, and a new (system generated)
password is emailed to their registered email address.
Persons are refused entry to site based on mandatory training being expired. Prior to it expiring, they
are warned of the number of days left on those mandatory qualifications so they can arrange for their
training to be updated prior to logging on. Warning days are colour coded – Black OK, Yellow Warning,
Red – Critical. The Safety / Training Dept can produce a report of persons with approaching expiry to
pre-arrange the necessary training, Induction, Generic, Medical and First Aid etc.
INFO allows for a labour hire company that provides a workforce to various locations to record their
training and appointments at each location separately, thus allowing confirmation of their skills prior to
directing them to attend the alternate work location. This is also appropriate for any company having
multiple operations (and sharing the same data file) with their employees being occasionally directed to
attend a location they do not normally attend, or simply to manage all records within the same file,
allowing the data to be transferred from one location to another if that employee re-locates between their
operations. When implemented for multiple site use, reports can be produced for the individual sites an
employee has on their record.
SMS Messaging is built into the file; it requires subscription to a service and to be configured for that
service provider. Typical costs per SMS for such a service in Australia are U$0.049 to send, U$0.0075
to receive. This type of notification can be linked to the linked APP (iOS / Android) also developed.
Human Resource (HR) Inclusions
Up to 24 documents, (this number can be increased if required) e.g. employment contracts,
counselling/warnings, general correspondence and scanned copies of qualifications can be stored
within an employee record.
Personal detail information for Employees, Contractors and Companies include:
Name, Address, DOB, Age, Phone, Email, Sex, Ethnicity, Native Language, Roster, Shift, Qualifications,
Medical, Clothing, Documents / Keys Issued, Site Assignment, Date of Hire, Work Location, Photograph,
Star Sign, Training Qualification, Medical, Clothing Issues, Document / Key issues, Workcover
Certificates and Safety Statistics (plus many others) including:







Emergency Contact Details: Name, Address, Phone, Relationship
Qualifications: qualifications/skills held by the employee
Historical commencement/resignation/termination dates, to provide visibility to employees that
leave and return to the workforce
Access Privileges control access to some content, e.g. performance reviews and salary
information
Should a person have a medical condition, their record is highlighted in RED
Allow linking of relevant documentation to a position, e.g. position description flag can indicate
if a position is mandatory, i.e. has statutory requirements for it to be filled
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Audit Log Tracking such as changes when Employees change shift or employment status
changes
 Recording of all applicants, thereby providing a history of previous applications by the same
person.
 Provide support mechanism for induction process
 Record results of various checks carried out for prospective employees. e.g. medical tests,
employment history or references
Details recorded as part of the recruitment process may be restricted by file permission to specific staff
(e.g. HR). Includes the recording of the following recruitment processes:










Advertise position
Correspondence (emails, phone calls, notes)
Form letter templates
Select candidates
Conduct interviews (multiple)
Prepare employment contracts (standard documents created by merging database content)
Medical checks
Workers’ compensation check
Start Work, might be delayed before all steps are completed and management sign documents

Human Resource Reporting
Breakdown of workforce by the following criteria:









Men / Women
Language(s) spoke at home
Ethnicity (e.g. Aboriginal/Torres Strait Islander)
Age groups
Persons approaching retirement age
Who is currently on site – Personnel, Contractors and Visitors?
What hours those persons currently on site have worked
Breakdown numbers of Employees / Contractors / Visitors who have attended on site between
specified dates
Succession planning: identify those positions where staff members are closing in one retirement age.
Identify positions in company, which are not filled – requires input from an org chart to facilitate this
function.
Calendar (display) – shows ‘individual’ entries and ‘All’ for registered users. Can be colour coded, for
ease of viewing / allows for easy entry of ‘Tasks’ associated to the calendar by ‘user’ or ‘all’ to see. Staff
leave taken for specified period – used to identify excessive (sick or unexplained) leave.
Easily identify individual skills / training and appointments. Provides mechanism to easily find employees
with a particular skill mix – Create a Skills Matrix, export to MS Excel.
Complete production recording / reporting including delays (machine / type of delay / other) allowing for
delay history by shift, work area, supervisor, or machine.
Reporting on how many people have been onsite during the month/quarter (department of industry
report)
Contractor Company Insurance details (Workers Compensation and Public liability policy number and
renewal date) – report the validity of their policies
Tracking attendance
Tracking attendance provides mechanism by logging time in and time out by creating a ‘session’ report.
It can report persons currently on site, in addition to the persons that have left the site, at any time,
e.g. a search can be performed for who was on site between specific times on specific dates as required,
or simply viewed to ascertain who is currently on site (indicated by a ‘flag active’) in the output (screen
or printed)
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Manning
Manning sheets available for each shift detailing all persons expected to attend on the defined roster /
shift which can be printed directly from the database.
Report on shift history, i.e. which people worked on a particular shift/workgroup in a specified period
(people may have moved in/out during the month)
Visibility to shift history might also prove useful when reviewing absenteeism, i.e. employee is taking
more sick leave since switching from day shift to night shift or from a popular shift to one that is not as
desirable.
Issues – Clothing, Keys, Documents, Lockers, SCSR, Lamps
Clothing Issues for employees; clothing can be managed by recording the individual’s choice with a
report generated for the purchasing officer / storemen to handle the issue to employees by name and
by clothing choice, e.g. it allows the storeman to know who has ordered what items and groups the items
selected by employee (for distribution) and by clothing type (for easy ordering) – e.g. 25 size 9 boots,
30 size 10 boots and so on, are required to supply the workforce.
Keys; keys can be issued to individuals (including contractors), tracking the date issued and if returned
Bathroom Locker; Basket allocation (clean / dirty)
Lamp and SCSR recording
Rosters
Rosters can be defined easily, with employees allocated to specific rosters / shifts. This allows the
correct ‘Manning Sheet’ to be printed at any time (current shift, next shift, today, this week, next week)
Rosters can be defined as 5/2, 9-day fortnight, 7/7 and even 7/7 rotating, in fact, whatever schedule is
used.
Inbuilt Calendar – Tasks (individual and group)
Can record details of employee periods of absence – holiday / sick. Can also be used for planning
purposes or meetings, along with assigning tasks for groups or individuals
Document Management
Storage of ALL document types, including risk assessments, material safety data sheets (MSDS),
management plans (MSMP), technical documents, reports, training documents / assessments,
procedures, photos, video or audio files. With the ability to retrieve any document by searching for all or
part of document name / document type
Complete auditing history when documents are revised – allowing for previously revised documents to
be retrieved, if required. The number of documents needing review are shown in the ‘User’ ‘start-up
screen’ as a warning (see Figure 1).
Production
Easily identify production between specific dates or select the quick finds for past 7, 28 or 90 days. Shift
Delays, Metres Supported, Mining Delays, Production tonnage by date, and shift.
Actual Vs Forecast by Production Area, shift and date range, showing the Production Activity, (e.g. Cars
loaded, Mesh installed), Time Based Activity (e.g. Prestart Checks, Boot End move), and Delays (e.g.
Stone Dust, Water Management).
The Shift report (Actual Vs Forecast) covers Metres Developed, Tonnage (quantity, and dollar value)
and a summary of cars loaded. All reports may be viewed or exported to Excel
Details machinery in the work area (panel / stope), Production and Delays (Actual Vs Forecast), Delay
report. Machine delay and Machine location history
INFO now supports (in the ‘Production’ table) Secondary Support and Drilling (coring) to support
contractors. Further detail to be enabled shortly is the inclusion of pricing to account for contract
variations and charges from contractors.
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Safety
The combination of safety programs is monitored for each employee. This can be displayed either
graphically (screen) or exported to Excel (spreadsheet) for a quick review.
Participation in safety programs is normally a part of each employee’s KPI's
Examples are:






SAMs (Stop Act Manage)
Take 5
JSEA (Job Safety Environment Analysis)
JSO (Job Safety Observation)
SHECQs (Safety, Health, Environment, Community, Quality)
• Assign responsibility, can change over time
• Provide reporting on total open, total closed, open by department
• Allow SHECQ’s to be assigned per person (can be reported as part of the safety
scorecard as well as “point in time”)
• Record Date of Completion
An Incident / Injury report can be linked to a SHECQ for attention. When a new SHECQ is created, the
responsible person can be sent an email advising them of its creation for their attention.
Complete management of emergency equipment such as fire extinguishers and SCSR / rescue
equipment, including depreciation schedules and testing / fire officer inspection reporting.
Confirm the quality of employee training by restricting trainers to those who have the necessary training
qualification and have been appointed as a trainer for that task.
Fire Officer
Details of monthly inspections of fire-fighting equipment can be captured. This covers Fire Depots, SubStations, and mobile equipment. Location of the equipment. Equipment purchase and testing history is
captured to allow for a depreciation report to be produced facilitating budgets.
The same is captured for rescue equipment (SCSR): personal, rescue team, cache and stock held in
storage.
Lost time injuries / incidents
Incidents can be categories as; Return to Work, Medical Centre, Home, Suitable Duties, Hospital or
Other. One incident can be assigned many of these categories. Then a detailed report (in Excel format)
can be generated for review (screen or printer) resulting in a Corrective Action (SHECQ) record /
management
Preferences
The number of ‘Days’ for a warning can be set for the following:
 CABA
 First Aid
 Medical
 Rescue Medical
 Training Expiry
 Appointment Expiry
 Birthdays
Company eMail setup – so that emails can be sent through the company domain
Username and Password of the database Administrator - ‘Super-User’
Default Language – English unless otherwise selected
Automatic phone number formatting
Automated PostCode (ZipCode) lookup
Layout (Screen) access – user privileges
Safety Sheet Names (e.g. Take 5 / SLAM)
Workgroups / Rosters
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Mandatory Training
Address Label Printing
Photo I.D. Card Printing
Training and Appointment validity (Audit)
Mandatory training for site access (with warning on expiry)
Screen and printed output include the following (plus many more):
 Appointments / Training / Lamp – SCSR Number / Locker-Basket Number
 Days till Birthday – Birthday List
 Emergency contact details
 CABA / Egress
Expired training – results in person prevented to access site
Employee Clothing Issues
Employee Document Issues
Medical – Exam, First Aid, Penthrane, Mines Rescue
Production Reporting (by 7,30, 90 days or specific dates)
Production Delays / Machine Delays
Employee Timesheet / Manning Sheet / Employee Rosters
Safety (SAM, Take-5) Recording per individual – Site summary output by selected timeframe (e.g. in
the past month, quarter, week)
Fire Officer (Firefighting equipment – Extinguisher, Hoses, Depots) including depreciation report to
assist in budget forecasting
Self-Rescuers including depreciation report to assist in budget forecasting
Companies (Contractors) Insurance details / validity
Ventilation - - Water qty in expelled air through fan (for mine water balance)
Meetings / Tasks / Work Requests
Data access
There is no point in limiting the way information can be accessed. iNfO may be accessed via specific
client software to the data file located on a server or from one in the ‘Cloud’. It can be also accessed via
a web browser, or a mobile device.
It is therefore possible for an employee to remotely ‘sign in or access any documentation they require
even if not at their usually place of employment. This may be useful for those employed in the field, e.g.
on a drill rig.
File size
A database does not need to be huge to be effective. When properly structured, it allows for the
economical storage of data. Whilst databases can easily contain more than 2Tb of data, currently, the
INFO demonstration file is approximately 160Mb, and contains 113 tables. One such table contains
18,275 records, another 4,529 records. Whilst being very efficient in storing data, it remains extremely
fast to retrieve information.
FUTURE IMPROVEMENTS
Improvements include labour charges for contract labour and other duties offered by contractors such
as ventilation appliance installation.

OPERATING SYSTEM (OS) REQUIREMENTS
 Mac users need the current or previous version of macOS.
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Windows users need Windows 10 (Enterprise, Professional) or Windows 8.1 (Standard,
Professional). Must be 64-bit.
For Mac Server: requirements are the same for Mac users.
For Windows Server: Windows Server 2019 or 2016 (Standard, Data Centre).
For Linux: Ubuntu 18 (Server or Desktop) 18.04
FMGo requires iOS 13.2.0 or later.
Web Access requires the latest versions of Edge, Chrome (and mobile), or Safari (and mobile)
browsers. No official support for FireFox.
CONCLUSIONS – FOLLOW THE “K.I.S.S.” PRINCIPLE

No matter whichever database solution is used, it must fit the needs of the end user. It should be flexible
enough to accomplish modification quickly and easily without complicating the interface. When users
find software both easy to use and appropriate to their needs, then the productivity of the employee is
increased, and the profits of the employer improve. Do not consider any solution without consultation
with the people who will be required to use it.




Before implementing a system, or if reviewing an existing system, it is best to speak to the
various stakeholders to ascertain what data is necessary for their task. Secondly, do not rely on
a spreadsheet for storage of this data.
Utilize a relational database which follows human interface guidelines (HIG) 2, and one that can
be readily modified to account for changes in requirements, and that can be accessed via
extended networks (including mobile devices).
If outsourcing the creation / review of a system, use a company with mining experience not one
that offers the same solution to a supermarket or an airline. They don’t speak your language.
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LAB STUDIES OF GAS COMPOSITIONS ON COAL
OUTBURST
Ming Qiao1, Zhongbei Li1, Patrick Booth1, Ting Ren1 and Dennis
Black2
ABSTRACT: Coal and gas outburst remains one of the most severe dynamic hazards to many
underground coal mining operations worldwide, posing great threats to mine safety and productivity. To
understand the influence of gas composition on coal and gas outburst propensity, bulk coal samples
were collected from underground coal mine sites in NSW and QLD, and subjected to experimental
studies. Isotherm adsorption experiments were carried out using the gravimetric isotherm testing method
to investigate the impact of coal seam gas composition on gas adsorption characteristics with a range
of coal sample particle sizes, to a maximum gas pressure of 4 MPa, at 35°C. The seam gas composition
employed in the tests included 100% CH4, a gas mixture of 50% CH4 and 50% CO2, and 100% CO2.
For all test coal samples of different particle sizes, the adsorption capacity of CO2 was observed to be
the highest, followed by the CO2/CH4 mixture and CH4. For a given gas content, the equilibrium gas
pressure of a CH4 rich coal sample is significantly greater than the equivalent CO2 rich coal sample.
Given that gas pressure provides energy to induce outbursts, it is reasonable to suggest that CH 4 rich
coal contains greater outburst initiating energy. Hysteresis occurs during the CH4 and CO2 sorption and
is calculated by an improved hysteresis index (IHI) method. CO2 sorption hysteresis is more significant
than CH4 sorption hysteresis, with the ratio of IHI_CO2/IHI_CH4 ranging between 1.50 and 2.25. At
equivalent adsorption gas content, the amount of CO2 desorption is less than that of CH4, making it
difficult to provide sufficient supply of desorption gas, resulting in low gas desorption energy, which is
less conducive to the development of outburst. The research results can provide useful theoretical
support for mine site gas management in underground coal mines, particularly those operating in areas
with moderate to high composition of CO2 seam gas.
INTRODUCTION
Coal and gas outburst is a complex dynamic phenomenon, which is stimulated by excavation
disturbance under the combined effect of geo-stress, gas, coal, and surrounding rock (He and Zhou,
1991, Paterson, 1986). It can suddenly eject a large amount of gas and broken coal from a coal seam
roadway or stope in a short time, forming a pear-shaped cavity in the coal seam, and causing powerful
dynamic damage (Ren et al., 2017, Xue et al., 2011, Tan et al., 2021). With the further increase in mining
depth, the severity and frequency of coal and gas outbursts will further increase. It not only threatens
the safety of coal miners but also severely hinders the production of coal mines, causing substantial
economic losses (Lei et al., 2021).
When coal and gas outburst occurs, the ejected gas is mostly CH4 or CO2, and sometimes a mixture of
CH4 and CO2. At present, most studies on coal and gas outbursts are related to CH 4, and there are few
studies on CO2 outbursts. However, CO2-related outburst accidents have occurred many times in
Australia, the Czech Republic, China, Poland and other countries (Li et al., 2011, Beamish and Crosdale,
1998). Outburst threshold limit values (TLVs) in Australian underground mines assume that coal
containing CO2 seam gas has a significantly higher risk of outburst compared to coal containing CH 4
seam gas. Some field observations have casted doubt on the current outburst LTVs in CO 2 rich coal
seams. However, there has been limited research in this area to challenge the claims made by the past
researchers.
Reported laboratory testing of outburst propensity using coal briquettes in small-scale outburst
simulation apparatus measuring burst response of samples saturated with CO2 and CH4 at equivalent
gas pressures (Skoczylas, 2012, Zhao et al., 2016, Sobczyk, 2011), failed to sufficiently explain the fact
that the effective gas content of the CO2 test sample will be approximately twice that of the CH4 test
sample due to inherent sorption capacity of the coal material being tested. Therefore, the higher gas
emission response from the CO2 sample is to be expected due to the sample containing approximately
1
2
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twice the gas volume relative to the CH4 test sample. This fact was also acknowledged by Beamish and
O’Donnell, who reported, for a given coal seam gas pressure, coal samples will contain a larger volume
of CO2 and the gas emission problems will therefore appear more acute (Beamish and Donnell, 1992).
Several published works suggest that outbursts associated with CO 2 are more violent, more difficult to
control and more dangerous (Hargraves, 1980, Hanes, 2001, Lama and Bodziony, 1998, Xu and Jiang,
2017). However, at equivalent gas content, there is little evidence to support the claim that an outburst
of CO2 will be more violent than CH4.
This study aims to demonstrate, through laboratory testing, that CO 2 rich coal does not necessarily
represent a significantly greater outburst risk than methane rich coal, in equivalent coal seam/sample
conditions. A series of representative bulk coal samples, obtained from underground coal mine sites in
NSW and QLD, have been subjected to isotherm adsorption experiments to better understand the
impact of coal seam gas composition on coal and gas outburst propensity.
EXPERIMENTAL WORK
Sample preparation
In this study, a series of representative bulk coal samples obtained from host sites in NSW and QLD
have been subjected to various characterization experiments. The collected coal samples were
prepared into particles with particle sizes of 212 μm, <0.85 mm, 0.85~2.4 mm, 2.4~5.0 mm and intact
coal. The basic information of the samples is shown in Table 1. Proximate analysis undertaken during
this study was performed as prescribed in relevant Standards AS1038.3 and ASTM D7582-15.
Table 1: Basic information of the tested coal samples
Sample ID

Seam

A
B
C

Hoskisson
Bulli
Goonyella Middle

Proximate analysis (wt%)
Moisture Ash
Volatile matter
3.82
14.03
25.81
0.88
17.36
30.75
1.44
10.26
19.77

Fixed carbon
56.34
51.01
68.53

Classification
coal ash
Medium ash
Medium ash
Medium ash

of

Isotherm adsorption experiment
For all isotherm testing in this study, coal samples were dried at a constant 60°C under vacuum until
zero moisture content was achieved. All isotherms were completed at a constant temperature of 35 °C
to allow direct comparison between sample locations, and sample intra-seam horizons at the same
location. Coal samples with particle sizes of 212 μm, <0.85 mm, 0.85~2.4 mm, 2.4~5.0 mm and intact
coal were tested sequentially with 100% CH4, 50/50% CH4/CO2 mixture, and finally 100% CO2. The
maximum pressure of the sorption tests was set at 4 MPa. The single-component gas Langmuir volume
and pressure was calculated by non-linear fitting the adsorption data using the Langmuir equation
(Langmuir, 1918).

V

PVL
P  PL

(1)

Here V is the amount of gas adsorption under the equilibrium pressure condition, cc/g. P is the
V
equilibrium pressure, MPa. L is the Langmuir volume, representative of the maximum adsorption
P
capacity of gas, cc/g. L is the Langmuir pressure, corresponding to the pressure at which the
adsorbed amount V reaches 50% of the Langmuir volume, MPa.
EXPERIMENTAL RESULTS
Proximate analysis result
Table 1 lists the coal samples analyzed, including the proximate analysis results, coal density, the
maximum reflectance of the vitrinite and the firmness coefficient. The table shows that the coals are
mainly of medium ash, with the moisture ranging from 0.88% to 3.82%, volatile matter varying from
19.77% to 30.75%, fixed carbon ranging from 51.01% to 68.53%.

Gas sorption isotherms
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Gas sorption measurements at 35°C provide a common basis to analyze the correlation between gas
adsorption properties and pore characteristics of coal samples. The adsorption isotherms of gas (CH 4,
CO2, and 50/50% CH4/CO2 mixture) fitted by the Langmuir model are shown in Figure 1. The Langmuir
fitting parameters are summarized in Table 2. The results show that the Langmuir model fits the gas
adsorption isotherms quite well. The fitting coefficient R 2 is greater than 0.99, except for the sample B
coal of CO2 adsorption isotherm (Figure 1(b)), for which R2 is 0.98682. The combined effects of
Langmuir volume VL and Langmuir pressure PL can reflect the essential difference in gas adsorption
characteristics of different components (Liu and He, 2017). From Table 2, it is shown that the different
composition gas adsorption characteristics exhibit significant differences among coal samples. The
Langmuir volume for CH4 (VLCH4) ranges from 20.25 to 21.46 m 3/t and the Langmuir pressure for CH4
(PLCH4) ranges from 2199.74 to 2655.52 kPa. The Langmuir volume for CO2 (VLCO2) ranges from 35.65
to 43.60 m3/t and the Langmuir pressure for CO2 (PLCO2) ranges from 1359.77 to 1801.89 kPa. The
Langmuir volume for CH4/CO2 mixture (VLCH4/CO2) ranges from 20.51 to 28.20 m 3/t and the Langmuir
pressure for CH4/CO2 (PLCH4/CO2) ranges from 1524.71 to 2943.51 kPa.

(a)

(b)

(c)
Figure 1: Different Gases (CH4, CO2, and CH4/CO2 mixture) adsorption isotherms of samples
and the corresponding Langmuir fitting curves
Table 2: Langmuir model parameters of different gases adsorption
Sample
A
B
C

CO2 adsorption
VL (m3/t)
PL (kPa)
43.60
1801.89
38.38
1506.15
35.65
1359.77

R2
0.9991
0.9868
0.9933

CH4 adsorption
VL (m3/t)
PL (kPa)
20.51
2199.74
21.46
2655.52
20.25
2491.07

R2
0.9970
0.9992
0.9963

CH4/CO2 mixture adsorption
VL (m3/t)
PL (kPa)
R2
28.20
2943.51
0.9969
22.02
1668.51
0.9964
20.51
1524.71
0.9994
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For all test coal samples of different particle sizes, the adsorption capacity of CO 2 was observed to be
the highest, followed by the CO2/CH4 mixture and CH4.
ANALYSIS AND DISCUSSION
Gas type and storage
Physical and chemical properties of gas molecules and their constituent atoms have a profound effect
on gas behavior during adsorption, desorption, diffusion, and bulk flow. The quantity and species of gas
measured in the mining environment during various stages of the mining cycle may indicate one or more
of the gas processes are occurring at any particular stage (Booth et al., 2016).
The species of gas which may enter the mining environment at any stage of the mining process also
determines the specific type of risk that gas presents to mine personnel (Booth et al., 2020). Given the
toxic physiological effect that CO2 has on the human body, it is agreed that CO 2 outbursts are more
dangerous. However, there is little evidence to support the suggestion that an outburst of CO 2 will be
more violent than CH4 at equivalent gas content. In fact, with reference to the CO2 and CH4 isotherms
presented in Figure 1, for a given gas content, the equilibrium gas pressure of a CH 4 rich coal sample
is significantly greater than the equivalent CO2 rich coal sample. Therefore, given gas pressure provides
energy to induce outbursts, it is reasonable to suggest that CH 4 rich coal contains greater outburst
initiating energy.
Prior research suggests gas may be stored in coal through as many as five separate mechanisms
including; adsorption upon carbon surfaces, absorption within the carbon molecular structure, as a
solute in water within coal and other carbonaceous material, as free gas within voids including cleats
and fractures, and condensed as solid or liquid or stored in carbonate precipitates (Faiz et al., 2007,
Moore, 2012, Black, 2011, Crosdale et al., 1998). For gas stored in coal, the adsorbed quantity may
account for up to 90% of the total gas stored through all mechanisms (Hu et al., 2020), or be an order
of magnitude greater in volume than simple open pore volume (Saghafi et al., 2007). Hence adsorption
processes relevant to coal seam gas storage, transport and emission require detailed discussion. Up to
15 models for these adsorption and desorption principles are described in the literature, the most
common being the Langmuir single layer model (Langmuir, 1918), the BET multi-layer model (Brunauer
et al., 1938), and the Dubinin pore-filling model presented schematically in Figure 2.

Figure 2: Typical models for fluid to solid sorption process at Nanometre (nm) scale (Booth et
al., 2020)
Gas composition is a fundamental controlling variable in determining total possible sorption capacity.
This is due to the relative size, structure, and energy levels of relevant gas molecules, particularly to
CO2. The precise nature of the adsorption bond depends on the properties of the species involved, but
the adsorption process is generally classified as physisorption, characterised by Van der Waals forces,
or chemisorption characterised by covalent bonding (Booth et al., 2016). Adsorption may also occur due
to electrostatic attraction. Hamaker approximated the interaction energy of the Van der Waals force (Fvw)
between two spheres of constant radii (R1 and R2) as a function of the size of the spheres and the
separation distance (r), using a material dependent constant (A) measured in joules shown in equation
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(2) (Mosher et al., 2013). This approximation was derived using London’s dispersion energy equation,
and the knowledge that the force on an object is proportional to the negative derivative of the potential
energy function.
FVW (r )  

AR1 R2

 R1  R2  6r 2

(2)

According to this equation, the interaction potential between CO2, CO2-C, CH4, CH4-C molecules are
plotted, as shown in Figure 3. It can be seen that the maximum attractive force between CO 2 molecules
is more significant than that between CH4 molecules, and the maximum attractive force between CO2C molecules is more significant than that between CH 4-C molecules. Van der Waals forces are greater
when the distance (r) between involved atoms is much smaller than the radii of those involved atoms,
but Pauli’s exclusion principle asserts that (r) can never be zero. When applied to fluid to solid
interactions, Van der Waal’s forces are also dependent on the topography of the surface involved.
Surface asperities or pore protuberances may result in greater total contact area, and large increases
in the total number of molecules per unit of volume may create a tendency for mechanical interlocking,
particularly between carbon dioxide molecules.

Figure 3: Relevant molecular interaction potential by distance (Mosher et al., 2013)
Relationship between gas composition and gas adsorption
Coal has different adsorption capacities for CO2 and CH4, and the adsorption capacity for different gases
under the same conditions is CO2>CH4/CO2 mixture>CH4. The correlation between gas composition
and adsorption capacity was studied by comparing CO 2, CH4, and CH4/CO2 mixture Langmuir
adsorption parameters (VL and PL), which are shown in Figure 4 (a) and Figure 4 (b). The Langmuir
volume for CO2 (VLCO2) ranges between 35.65 to 43.60 m 3/t. The ratio of VLCO2/VLCH4 ranged between
1.76-2.13, and the ratio of PLCO2/PLCH4 ranged between 0.54-0.81. CO2 adsorption contains the largest
VL for the same coal sample, indicating that CO2 has the strongest adsorption capacity. This is because
the micropores in coal are highly developed, and gas is mainly stored in coal in the form of micropore
filling. Compared with CH4, CO2 has a smaller molecular dynamic diameter, enabling it to enter smaller
pores. Thus more adsorption sites are available for CO2 adsorption. CO2 adsorption contains smaller PL
than CH4 adsorption, which means it takes less time for CO 2 to reach 50% of VL. It is easier to adsorb
CO2 at the low-pressure stage compared with CH4. Similarly, during the desorption process, when the
amount of CO2 desorption reaches 50% of VL, the corresponding PL is less than PLCH4, indicating that
compared to desorbing a large amount of CH 4 in a short time, desorbing a large amount of CO2 requires
a higher pressure drop and more time. It is harder to desorb CO2 at the high-pressure stage compared
with CH4. From this perspective, the outburst propensity of CO 2 is lower than that of CH4.
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(a)

(b)

Figure 4: Comparison of CH4, CO2 and CH4/CO2 mixture adsorption capacity
(a) Langmuir volume, (b) Langmuir pressure
Effect of gas composition on sorption hysteresis
The difference or hysteresis between adsorption and desorption isotherms are referred to as “sorption
hysteresis”. Usually, the adsorption process and desorption process are regarded as fully reversible,
and the sorption hysteresis is ignored. In the laboratory experiment process, coal desorbs less than the
adsorption volume at the same pressure, and sometimes this difference is significant. Hence sorption
hysteresis should not be ignored. Sorption hysteresis is very useful for evaluating the coal seam gas
drainage and predicting gas emissions during the coal and gas outburst process (Zhang and Liu,
2017).To quantify the sorption hysteresis, an improved hysteresis index (IHI) is used to calculate the
sorption hysteresis gas volume(Wang et al., 2014), as illustrated in Figure 5. When IHI is 0, it means
no hysteresis is observed and it is the utterly reversible state. When IHI is 100%, it means it is an utterly
irreversible state. In this section, the sorption hysteresis is evaluated through this index and comparisons
are made. All the analyses are based on this calculation.

Figure 5: Explanation of the improved hysteresis index (Wang et al., 2014)

IHI 

Ahy
Ahf



Ade  Aad
100%
Asf  Aad

(3)

Here Ahy is the measured hysteresis area, Ahf is the hysteresis area in the fully irreversible case,
Ahy and Ahf can be calculated by the following equations:

Ahy = 

Pmax

0

f de ( P)dP  

Pmax

0

f ad ( P)dP
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Ahf =Pmax f de（Pmax）- 

Pmax

0

Here Pmax is the maximum adsorption pressure,

f ad ( P)dP

(5)

f ad ( P) is the best fitting model of the isotherm

adsorption curve, f de ( P) is the best fitting model of the isotherm desorption curve.
In the previous studies, it is regarded that CO2 sorption hysteresis is more significant than CH4 sorption
hysteresis, but most of the studies are qualitative. In this section, the CH4 and CO2 sorption hysteresis
was evaluated through the IHI index. 100% CH4 and 100% CO2 sorption experiments on 212 um
powdered coal were used for sorption hysteresis studies. Three samples in total were collected from
Mine B from different locations. Figure 6 shows the adsorption and desorption results. The IHI for CH4
and CO2 were calculated shown in Figure 7. It can be seen that CO2 sorption hysteresis is stronger than
CH4 sorption hysteresis for all coal samples. The Ratio of IHI_CO2/ IHI_CH4 ranges between 1.50 and
2.25, as illustrated in Figure 7. Compared with CH4, CO2 molecules have a smaller kinetic diameter
(Charrière et al., 2010) and a larger quadrupole moment, resulting in higher interaction energy with the
coal matrix (Wang et al., 2014). Thus more CO2 molecules can enter the constricted pores at the same
gas pressure.
In the process of coal and gas outburst, it is necessary to provide enough desorption gas in a very short
time to meet the transportation work (Lei et al., 2021). The desorption gas energy occupies a large
proportion of the total outburst energy. Therefore, sufficient desorption gas supply is the key to the
development of the outburst. At equivalent adsorption gas content, the amount of CO2 desorption is less
than that of CH4 because of stronger sorption hysteresis, making it difficult to provide a sufficient supply
of desorption gas, resulting in low gas desorption energy, which is less conducive to the development
of outburst.
Gas molecules are dissolved into the coal microstructures. During the desorption process, only the
adsorbed gas on the internal surface comes out of the pores, leaving behind the dissolved molecules in
the coal structure. Recently, a novel explanation of gas adsorption on coals is that more than 90% of
the gas molecules are adsorbed in coal in the micropores molecules filling (pore diameter<1.5 nm) rather
than monolayer covering (Hu et al., 2020). This theory can explain that CO2 molecules are more likely
to be trapped in the micropores.
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Figure 6: Sorption hysteresis results of Mine C, all with 212um coal

Figure 7: Comparison of IHI between CH4 and CO2 sorption
Gas adsorption-induced matrix strain changes the gas diffusion paths (Wang et al., 2014). The
adsorption process would induce matrix swelling. As a result, the swelling effect would reduce the
aperture of the gas diffusion channels. Coal contains constricted micropores with narrow pore throats,
which are smaller than the kinetic diameters of CH4 and CO2. The gas molecules can enter the
constricted pores with increasing gas pressure, but this leads to swelling of the coal matrix, which further
narrows the pore throats. During depressurization, the gas molecules which have entered can escape
from the constricted pores through the further narrowed pore throats, but this requires more energy than
that which enables them to enter the pores. In other words, fewer gas molecules can escape from the
constricted pores of coal during the desorption process than the sorption volume in the adsorption
process at the same gas pressure. This accounts for the methane and CO 2 sorption hysteresis. The
constricted micropores with narrow pore throats, which is 0.38 nm for CH4 and 0.33 nm for CO2 play a
significant role in sorption hysteresis.
5. CONCLUSION
(1) Coal has different adsorption capacities for CO2 and CH4, and the adsorption capacity for different
gases under the same conditions is CO2>CH4/CO2 mixture>CH4. Compared with CH4, the molecular
dynamic diameter of CO2 is smaller, and the maximum attractive forces between CO 2 molecules and
between CO2-C molecules are greater, enabling it to enter smaller pores, thus more adsorption sites
are available for CO2 adsorption.
(2) With reference to the CO2 and CH4 isotherms, for a given gas content, the equilibrium gas pressure
of a CH4 rich coal sample is significantly greater than the equivalent CO 2 rich coal sample. Therefore,
given that gas pressure provides energy to induce outbursts, it is reasonable to suggest that CH4 rich
coal contains greater outburst initiating energy.
(3) CO2 adsorption/desorption contains smaller PL than CH4 adsorption/desorption, indicating that
compared with CH4, CO2 is easier to adsorb at the low-pressure stage, and but more difficult to desorb
at the high-pressure stage. For a given gas pressure, desorbing a large amount of CO2 requires a higher
pressure drop and more time. From this perspective, the outburst propensity of CO 2 rich coal is lower
than that of CH4.
(4) CH4 and CO2 sorption hysteresis may have significant impacts on coal and gas outbursts. CO2
sorption hysteresis is more significant than CH4 sorption hysteresis, at equivalent adsorption gas
content, the amount of CO2 desorption is less than that of CH4, making it difficult to provide sufficient
supply of desorption gas, resulting in low gas desorption energy, which is less conducive to the
development of outburst.
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DEVELOPMENT OF A WIRELESS SYSTEM TO
MEASURE THE STRAIN/DEFORMATION OF ROCK
BOLTS
Hadi Nourizadeh1, Ali Mirzaghorbanali2, Naj Aziz3, Kevin McDougall4
and Ali Akbar Sahebi5
ABSTRACT: In this study a smart set-up integrated with rock bolts was proposed to automatically
monitor, record and analyse rock mass deformation. The proposed system which includes sensors and
a wireless data acquisition system, rapidly and readily generates data sets along with customisable
graphs, calculations and analysis in a cloud system and can be used in modern mining. To evaluate the
developed technique, rock bolts were instrumented lengthwise using resistive strain gauges and then
connected to the wireless data logger system. Elastic tensile tests as well as pull-out tests were
conducted and the strain values along the rock bolts were successfully and accurately measured,
recorded and uploaded to the cloud system.
INTRODUCTION
The stability of underground excavations and surface slopes is a primary concern for engineers to
improve workers safety, reduce environmental issues and avoid financial loss. Ground support is a
general term describing the materials and methods used to improve the stability of rock mass. This term
can be categorised differently depending on the conditions; for instance, if it applies an active load to
the rocks (i.e., active or passive).
Rock bolts are widely used in mining and geotechnical engineering and are capable of effectively
improving the stability of rock mass, reduce the rock mass deformation, resulting in improvement in
safety, cost and time. Regardless of the type, rock bolt systems generally develop forces in response to
rock deformation and displacement. Fully-grouted rock bolt installation is considered as the most
common type of rock bolts in mining and civil engineering. Once a fully-grouted rock bolt is installed and
rock mass starts to displace, the bolt interacts with the grouted materials and surrounded rock mass and
load is transferred from unstable rocks to the intact rock. Rock bolts restrain rock movement along a
discontinuity and control the rock deformation along the grouted length. When a fully-grouted bolt is
subjected to a tensile force, a part of the axial stress is distributed at the bolt-grout interface, the grout,
the grout-rock interface and the rock. The failure can occur in the bolt, at the bolt-grout interface, at the
grout, at the grout-rock interface, inside the rock depending on the type, magnitude, and direction of
stress besides the mechanical characteristics of the components. There are several robust software
systems available in the market to design effective supporting systems to act as the shield for workers
and equipment, nevertheless comprehensive and continuous monitoring programs are necessary to
ensure the safety of the excavations. Monitoring is traditionally approached by surveying the opening
periphery and/or measuring deformation of ground in the vicinity of the supporting elements e.g., multipoint rod extensometers. These approaches generally investigate the whole ground condition rather
than a direct investigation of the interaction between the ground and the element itself. Furthermore,
phenomenal deformation of rock mass occurs suddenly without precaution signs, and it may not be
detected by ordinary approaches, while supporting elements experience high degree of tension.
Axial performance of rock bolts is usually investigated by capturing the load-displacement curves and/or
induced strain of the bolt along the encapsulation length. This can be achieved using sensors such as
Linear Variable Differential Transformers (LVDTs), load cells, vibrating-wire sensors and extensometers
resistive strain gauges (SG), and fibre optic sensors (FOS).
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Singer (1990) used electric sensors to analyse the behaviour of rock bolts. He conducted field pull-out
tests on the strain gauged rock bolts in varied geological conditions and concluded that the results
compared well with the experimental studies and numerical models. Singer et al. (1997) conducted
another study by which axial and shear behaviour of rock bolts were measured using strain gauges. The
sensors were located along the length of fully grouted rock bolts installed in the roof of coal mines.
Grasselli (2005) developed an experimental set up to investigate the response of the rock bolts in direct
shear testing. Each steel rebar was equipped with five pairs of resistive strain gauges to directly measure
the bolts deformation during experimental tests. Zhang et al. (2006) studied the load transfer mechanism
of fibre-reinforced tendons by carrying out laboratory tests using resistive SG, embedded SG, FOS and
LVDTs. Zhao et al. (2015) updated the control system of a servo testing machine and developed a jig
to run pull-out tests on anchored rebars. To achieve the induced shear stress, two symmetric grooves
were cut on the bolts and strain gauges were arranged in cuttings. Huang et al. (2013) manufactured a
self-sensing fibre reinforced polymer anchor with a built-in optical fibre sensor. Forbes et al. (2018)
presented a technique for measuring the induced strain distribution along supporting elements. There
are usually two methods to couple deformation sensor with rock bolts: (i) surface coupling (ii) and
subsurface or internal coupling. In surface coupling the sensor is mounted on the surface of the rock
bolt, however grinding and polishing the surface might be necessary for better bonding. Opposite to the
surface mounting, subsurface mounting can be approached by machining lengthwise grooves on the
rebar and then the sensor is attached using a specific adhesion internally. Zhao et al. (2018) compared
the effects of groove shape and glue materials for the bolt equipped with fibre optic sensors. Six different
shapes including U-shape groove, U-shape groove with chamfer, inverted trapezoidal-shape groove,
trapezoidal-shape groove and V-shape groove were analysed and it was concluded that the trapezoidalshape groove has the best results. The surface coupling approach can effectively provide information
about the deformation of the encapsulated rock bolts particularly in laboratory studies, however sensors
get damaged at higher loads because of their direct exposure to the grouting materials (TeymenandKılıç
2018). Accordingly, the internal method for instrumentation of rock bolts was used in this study to capture
and perform a full-scale deformation analysis along the rock bolts.
Conventionally reading and collecting the recorded data through all abovementioned equipment are
limited to manual inspection. This can be time consuming and costly, and more importantly eliminating
accurate and timely risk and safety assessment. Alternatively, popular wireless systems can be used to
continuously monitor ground conditions. Within this context, this study proposes a smart set up to
automatically monitor, record and analyse rock mass deformation. The proposed system which includes
sensors and a wireless data acquisition system, rapidly and readily generates data sets along with the
user-friendly graphs in a cloud system and consequently can be used in modern mining. Real time
monitoring of ground conditions will lead to effective actions, avoiding the occurrence of potential lifethreating hazards and consequently financial loss.
EXPERIMENTAL PROGRAM
Specimen preparation
Pull-out test, which is known as the common method in investigation of rock bolts behaviour, was
performed in this research to explore the workability of the proposed method in practise (Nourizadeh et
al., 2021). The tensile test was conducted on a double-sided strain gauged rock bolt using both a
conventional data acquisition system and the new wireless set-up to check and compare the possible
errors and create adjustments. While the pull-out tests were employed to remotely measure the fullscale induced deformation along the rock bolts encapsulated in concrete samples. The rock bolt used
in the tests was a 24 mm diameter threaded rebar (M24 X Coal Bolt) manufactured by Minova Australia.
For the surrounding rock, concrete with a UCS of approximately 40 MPa was cast in a steel pipe (CHS)
with an inside diameter of 154 mm and thickness of 5.4 mm. The quality of the pipe was according to
AS/NZS 1163 and AS 1074 standards. The confining materials (steel pipe and concrete) were selected
and designed so that the confinement simulates a medium strength rock. Prior to casting the concrete,
a 28 mm PVC tube was placed in the centre of the steel pipe as the bolt hole. A flexible polyvinyl tube
with 4 mm in diameter was wound around the central PVC tube to create a rifled borehole and to mimic
the in-situ conditions (Figure 1). In order to create a uniform interfacial shear stress throughout the
encapsulation length, the rifling was designed such that the pitch was zero. To make sure the bolts are
installed exactly in the centre of the concrete cylinders, one large hole of 161 mm diameter and a depth
of 10 mm was machined on a 30 mm wooden plate to place and fix the steel cylinders. Also, two more
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holes were machined and drilled in the centre of the previously machined large hole with diameters of
28.1 and 24.1 mm for the PVC tube and the bolt, respectively (Figure 2). 150 mm of the rock bolt was
instrumented and grouted inside the central hole using Type A Pour and Mix Resin (Figure 3).

Figure 1: Simulating the refiling in the specimen preparation

Figure 2: PVC tube used for rifling and hole for installing the bolt

Figure 3: concrete cylinder
Rock bolt instrumentation
The rock bolts used in this study were modified with a pair of opposed right angle U-shape grooves (4×4
mm) (Figure 4). These grooves were machined diametrically along the longitudinal ribs of the rock bolts.
The monitoring of the axial deformation and stress was achieved by mounting the resistive strain gauges
along the embedment length. The resistive strain gauges, 3 mm in length with a nominal Gauge
Resistance of 120 Ω were bonded directly inside the grooves using Cyanoacrylate adhesive. Therefore,
the induced strain in the rock bolts can be directly transferred to the coupled strain gauges and
consequently can be transduced to electrical signals received in the data acquisition system. Four strain
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gauges were mounted every 50 mm on the bolts with 150 mm encapsulation lengths. It should be noted
that the strain gauges were bonded one in between on the opposed grooves because of space
constraints in passing the lead wires. Furthermore, in order to protect the strain gauges and lead wires,
an organic and nonacidic sealant was applied to fully cover the instruments and the grooves (Figure 5).

Figure 4: Bonding strain gauges inside the grooves

Figure 5: Instrumented and sealed rock bolts
Testing equipment
The value of strain caused by the pull-out force is calculated by measuring the change in the gauge
resistance which is a result of the elongation of the bolt due to the applied axial load. The resistance
change is much smaller compared to the strain gauge resistance itself, thus it is required to be measured
accurately. Usually, a Wheatstone Bridge Circuit is used to measure this small resistance change. There
are different types of Wheatstone Bridge Circuits such as Quarter, Half and Full Wheatstone Bridges
which should be used depending on the measurement task. In this study, the Quarter type was designed
and used (Figure 6).

Figure 6: Wheatstone Bridge Circuit
Here;

𝑉0 =

𝑉𝑒𝑥
×𝑘×𝜖
4
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where V0 is voltage change, Vex is excitation voltage, k is gauge factor and ε is the induced strain. When
the distance between strain gauge and the other three resistors is not equal, e.g., longer lead wire, the
output voltage can be impacted. In this case the undesired effect can be rectified by connecting a third
wire to the upper wire of the connected strain gauge.
To supply the power (Vex) in the circuit and also to measure and record the output voltage (V 0) created
in the resistance bridge, a millivolt sensor node was used and connected to the manufactured
Wheatstone Bridge. Basically, this unit works as a convertor to translate the change in the strain gauge
resistance to the voltage change. The millivolt sensor node uses an integrated mesh radio transceiver
with the frequency of 2400-2485 MHz to report the measurement through the wireless communications
network. Also, a built-in is a 19000 mAh Lithium Thionyl Chloride battery which provides the input voltage
of the system. The device can communicate remotely with the receiver to a maximum range of 300 m
depending on the environment and fitted antenna with maximum transmit power of 6.5 dBm and
maximum antenna gain of 2.2 dBi. The bridge circuit was connected to the sensor node using an M12
female connector providing a range of ±0.625 V and a stimulus of 5.0±0.1 V. The strain data converted
in the millivolt sensor node is sent directly and remotely to a receiver which is called a 4G Gateway
system, afterwards. The 4G Gateway system is a fully integrated unit which provides all the functionality
required to operate a wireless sensor network in a remote location. The Gateway with built-in cellular
service simply initiates the connection with the WebMonitor software over the internet to upload the data
in the cloud system. The Gateway system can be integrated with a solar circuit for charging the internal
lithium-ion chargeable battery. The system can fully operate for three weeks on the internal battery
without recharging. The Web-Monitor is a web-based data access system run on a Microsoft Azure
cloud platform and provides a tool for the management of monitoring solutions deployed in the field. The
data can be transferred to other systems with different options including FTP(S) uploads in a variety of
formats and an HTTP API. Figure 7 shows the wireless unit.
Pull-out and tensile tests were carried out using a servo-controlled 1000 KN Instron testing machine.
Furthermore, a frame was designed and manufactured at the Engineering Workshop the University of
Southern Queensland using high tensile materials to place and fix the specimen in the pull-out process
(Figure 8).

Figure 7: (a) Millivolt Sensor Node connected to the Wheatstone circuit, (b) the wireless
Gatewway, and (c) the schematic of the whole measuring system
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Figure 8: Pull-out test set-up
TEST RESULTS
Validation of the accuracy of the developed wireless set-up was accomplished by performing a tensile
test with a 600 mm testing span using the 1000 kN servo-controlled machine. Similar to the procedure
followed in preparing the specimens for the pull-out tests, two 170 mm lengthwise grooves were
machined symmetrically on a 600 mm rebar. Two strain gauges (with same characterisations and equal
wires length) were bonded carefully on the grooves such that the backing ends of the gauges are aligned
crosswise. Thereafter, the instrumented bolt was clamped into the machine’s jaws from the top and
bottom. One gauge was connected to an analogue DT800 data collection system, while the other was
attached to the Millivolt Sensor Node for remote monitoring (Figure 9). After completion of the wire
connections, the signals received from the gauges were reset in the software systems. The load was
applied cyclically up to a maximum value with different rates and simultaneously the load-displacement
was measured by the load cells and LVDTs and recorded in the software. While the strain data was
monitored and recorded by both wired and wireless systems over the same interval frequency. It is noted
that the tensile load was subjected to the bolt in a way that the induced tensile stresses always remained
in the elastic zone. A comparison of the strains recorded by the systems over time is presented Figure
10. As can be seen in the figure, there is a good correlation between the results obtained from DT800
data logger system and the wireless system demonstrating that the wireless data collection system is
capable of measuring strain values accurately. The negligible differences between the recorded results
are attributed to the accidental error during strain gauges installation.

Figure 9: Conducted elastic tensile test
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Figure 10: Comparison the strains obtained from the DT800 analogue system and the
wireless system
The rock bolt embedded in concrete cylinders was subjected to pull-out load and the values of load,
deformation and strains were measured immediately. Strain values were collected using the wireless
data collection system and stored in the cloud system; however, the load-displacement was recorder by
the servo-controlled machine (Figure 11). Figure 12 shows the strain data collected by the wireless
system. Sensor 1 is the closest sensor to the loading point, while sensors 2, 3 and 4 are located further
away from the loading point. It is inferred from Figure 12 that at a certain level of pull-out load (or at a
certain time) the strain values decrease as the sensor distance increases from the loading point. In
addition, the strain values follow a similar trend as the load-displacement curve (Figure 13), indicating
that the strain gauges arrangement successfully measure the deformations. In addition, it can be
concluded that the failure of the rock bolt occurs when the stain-time curve bends over. Figure 14 also
illustrates the specimen after pull-out testing and shows that a full-scale pull-out test was conducted
successfully.

Figure 11: Pull-out testing and wireless monitoring system
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Figure 12: The strain recorded by the wireless collection system over time

Figure 13: The load-displacement curve obtained from the pull-out test

Figure 14: The specimen after completion of pull-out test
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CONCLUSIONS
This study proposes a smart set-up to automatically monitor, record and analyse rock bolts performance
and behaviour. The proposed system which is comprised of sensors and a wireless data collecting
system, rapidly and readily generates data sets along with the user friendly graphs in a cloud system. A
single tensile test was conducted to evaluate the accuracy of the wireless data logger system and it was
observed that there is good agreement between the results obtain from the analogue and the wireless
systems. Then, an instrumented rock bolt with the encapsulation of 150 mm was grouted in a concrete
cylinder and subjected to pull-out load. Simultaneously the strain and deformation of the rock bolts was
measured and recorded by the wireless set-up. The results showed that the proposed technique is
capable to record the data with high accuracy. However, it is recommended to carry out more tests such
as in-situ pull-out tests as well as laboratory tests with longer embedment lengths.
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USING COAL REJECTS AND TAILINGS AS INFILLS
FOR STANDING SUPPORTS IN UNDERGROUND
GATEROADS
Ting Ren1, Zhenjun Shan2, Xiaohan Yang3, Hongchao Zhao4 and
Jan Nemcik5
ABSTRACT: Laboratory tests were conducted to investigate the uniaxial compressive strength (UCS)
of two types of potential infill materials for standing supports. While one type of infill material was made
from coal reject fines and a cementitious grout, the other was a mixture of tailings and a cementitious
grout. 81 cylindrical specimens with a 50 mm diameter and 100 mm height were prepared and tested.
The effect of various water-to-grout (w/g) ratios and grout-to-coal reject fines/tailings mix ratios on the
UCS of the infills were investigated. Test results indicated that the strength of both infills was adversely
affected by the w/g ratio. In addition, when the volume ratio of the coal reject fines in the infill was not
greater than 50%, the strength of the infill was similar to that of the control group specimens.
Interestingly, almost all the infills made of tailings and grout had a greater UCS when compared with the
control group. The infill made from 50% tailings and 50% grout with the w/g ratio of 1.2 achieved the
highest strength enhancement ratio, being 1.92 times the UCS of the control group.
INTRODUCTION
Ground stability in longwall gateroads plays an essential role in mine production and safety (Campoli
2015). To control the gateroad strata, primary supports such as rock bolts are generally applied in
combination with a secondary supporting mechanism such as weld mesh, shotcrete and standing
supports. Due to abutment loads and caving, longwall tailgates usually suffer from high loads and
deformation, and the standing supports have found wide applications in these circumstances (Dolinar
2010). From a structural perspective, Galvin (2016) classified standing supports into 5 types: 1) props
which mainly include timber props and hydraulic props; 2) timber chocks also known as timber cribs; 3)
cementitious chocks such as concrete cribs, the CAN support and pumpable cribs; 4) steel arches and
sets; and 5) pillars. In terms of loading characteristics, standing supports fall into the following 4 types:
1) non-yielding, 2) constant yielding, 3) load-increasing or strain-hardening yielding and 4) loadshedding or strain-softening yielding as shown in Figure 1 (Barczak 2017). The concrete donut crib, the
CAN support, pumpable crib and wood crib are the typical standing supports for the above-mentioned
4 types respectively (Barczak et al. 2005). The concrete crib generally has the least deformability among
these standing supports, making it undesirable where large roof to floor convergence occurs.
Historically, timber cribs and props were the most frequently used standing supports but their popularity
has declined due to their availability, cost and load-carrying capacity (Barczak and Tadolini 2005a).
Compared with the conventional concrete crib and timber based standing supports, the CAN support
and pumpable standing support are more popular (Yu et al. 2019). As shown in Figure 2, both the CAN
support and pumpable standing support consist of an external container and infill material, the external
container provides confinement to the infill material when subjected to compressive loading. While the
external container of the CAN support is usually a thin-walled steel tube, the infill materials could be
pumice rock (Barczak and Tadolini 2005) and aerated cementitious material (Barczak 2017). Unlike the
CAN support, the pumpable crib standing supports normally employ a fabric containment bag to confine
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pumpable cementitious infill materials such as aerated cement, Portland fly ash cement, Portland
pozzolan cement and ettringite-based cements (Barczak and Tadolini 2005b).
Although the CAN support and the pumpable standing support have been successfully used in longwall
tailgate strata control for many years, they both have some deficiencies. The CAN support is highly
yieldable (Barczak 2017), which is desirable for tailgate roof support as it allows the support element to
provide resistance in large roof-to-floor convergence circumstances. However, the CAN support needs
to be topped off to establish roof contact, which may adversely affect the stiffness of the support when
the topping-off is not done properly (Barczak 2005). Moreover, the bulky size and large weight of the
CAN support creates logistical challenges (Barczak 2005; Yu et al. 2019). In contrast to the CAN
support, the pumpable standing support does not have transportation difficulties as the fabric bags are
often light weight and the cementitious infill material can be pumped over a long distance, whereas the
pumpable standing support experiences load shedding after yield due to the low strength of the fabric
bag (Barczak 2005; Zhao et al. 2021a). As such, a conceptual fibre reinforced polymer (FRP) standing
support was proposed and developed at the University of Wollongong (Yu et al. 2019; Zhao et al. 2021a;
Zhao et al. 2021b; Zhao et al. 2021c). The innovative FRP standing support involved an FRP jacket as
the external container which provides confinement to the infill material. Unlike the conventional
pumpable standing support, the FRP standing support exhibited strain hardening performance as a
result of the FRP confinement.

Figure 1: Load-displacement characteristics of various standing supports (Barczak 2017)

(a)

(b)

(c)

Figure 2: (a) the Can support (Galvin 2016), (b) pumpable standing support (Barczak 2017), and
(c) FRP standing support (Zhao et al. 2021)
Considerable research has been conducted on the performance of the CAN support, pumpable standing
support and the innovative FRP standing support but the investigation of the infill material used within
these supports has been limited. Both coal rejects and tailings are typical mining industry by-products.
One of the optimum uses for these mine wastes is to turn them into valuable products. This study
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attempts to evaluate the uniaxial compressive strength (UCS) of two types of infill material incorporating
coal wash rejects and tailings. Successful application of these infills is able to not only help with the
lowering of the cost of the standing support but also benefits the environment.
EXPERIMENTAL PROGRAM
Materials
Two types of infill material for the standing supports were evaluated in this study. One was the mixture
of a cementitious grout (Figure 3a) and coal wash reject fines (Figure 3b), the other was the mixture of
the cementitious grout and tailings (Figure 3c). The cementitious grout was provided by Minova
Australia. Both coal wash rejects and tailings were acquired from local Illawarra mines. Before mixing
with the cementitious grout, both coal rejects and tailings were firstly dried in a 105°C oven for 48 hours
to minimize the effect of moisture, then they were crushed. Figure 4 illustrates the particle size
distributions of the coal reject fines and tailings. The majority of coal reject fines were in the range of 0.6
mm to 2.36 mm, whereas the tailings were much smaller with over 90% of the material being finer than
0.3 mm.

Percentage of passing (%)

Figure 3: Materials – (a) grout, (b) coal wash reject fines and (c) tailings
100
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Figure 4: Particle size distribution of coal wash reject fines and tailings
Groups of specimens
As shown in Table 1, three sets of specimens were prepared for this study. The first set included 3
groups of specimens, serving as the control groups. The control group specimens were made of the
cementitious grout with water-to-grout (w/g) mass ratios of 0.8, 1 and 1.2. The naming of the control
groups included the letter ‘G’ representing the grout followed by the letter ‘R’ and a number indicating
the w/g ratio. The second set consist of 12 groups of specimens made of the grout and coal reject fines.
The volume ratio of coal reject fines in the groups varied from 10% to 70%, with an increment of 20%.
The 3 w/g ratios applied in the control groups were also used in the second set. The group name in this
set started with the letter ‘C’ and a number followed by the letter ‘G’ and another number, which indicated
the volume ratios of the coal reject fines (c/m) in the mixture; The group name finished with a letter ‘R’
and a number, representing the w/g ratio used in this group. Take C3G7R0.8 for example, the name

University of Wollongong, University of Southern Queensland, February 2022

227

2022 Resource Operators Conference (ROC 2022)
referred to the group of specimens which were made of 30% coal reject fines and 70% grout, and the
w/g ratio was 0.8. The third set of specimens was similar to the second set, except that the grout was
mixed with tailings rather that coal reject fines. The naming of the specimen groups in this set was also
similar to that of the second set. The letter ‘C’ in the second set was replaced with the letter ‘T’
representing tailings.
Table 1: Proposed specimens and summary of test results
fi / fc
Group of specimens
UCS (MPa)
1
2
3
Average
Control
GR0.8
16.1 15.8 19.7 17.2
groups
GR1
7.3
12.4 10.5 10.1

T5G5R1.2

7.6
14.5
12.4
9.4
18.6
12
7.3
15.6
14.3
11.3
5.6
11.3
4.4
13.8
12.1
8.9
23.9
14.7
12.2
25.1
14.6
16.2

T7G3R0.8

-

T7G3R1

13.2
9.3

GR1.2
Coal
reject
groups

wash
fines

C1G9R0.8
C1G9R1
C1G9R1.2
C3G7R0.8
C3G7R1
C3G7R1.2
C5G5R0.8
C5G5R1
C5G5R1.2
C7G3R0.8
C7G3R1
C7G3R1.2

Tailings
groups

T1G9R0.8
T1G9R1
T1G9R1.2
T3G7R0.8
T3G7R1
T3G7R1.2
T5G5R0.8
T5G5R1

T7G3R1.2

9.7
18.1
10
9
15.9
8.8
8.8
15.6
13.8
9.9
8.4
8.2
6.1
19.2
12.2
11.9
21.3
13
10.6
21.5
16
17.7
7.7
8.3
11.9

5.6
14.3
11.4
8.9
16.7
13.2
8.7
13.9
12.8
8.9
6.6
6.3
6.8
19.7
9.3
7.9
21.4
17.4
12.6
16
16.5
10.1
7.3
15
14.5

7.6
15.6
11.3
9.1
17.1
11.3
8.3
15.0
13.3
10.0
6.9
8.6
5.8
17.6
11.2
9.6
22.2
15.0
11.8
20.9
15.7
14.7
7.5
12.2
11.9

-

0.91
1.12
1.19
0.99
1.13
1.08
0.87
1.32
1.31
0.40
0.85
0.76
1.02
1.11
1.25
1.29
1.49
1.55
1.21
1.56
1.92
0.44
1.21
1.56

Preparation of specimens
Plastic moulds (Figure 5a) with an inner diameter of 50 mm and a height of 100 mm were used to cast
the cylindrical specimens. To prepare the specimens, the plastic moulds were firstly placed on a flat
surface and a thin layer of oil was sprayed into the moulds to ease the removal of the specimens; The
grout and coal reject fines or tailings with the specified volume ratio were mixed evenly, then the predetermined mass of water was added and mixed till the mixture was homogeous (Figure 5b);.After that,
the mixture was gently poured into the moulds and cured for at least 4 hours before removing the
specimens from the moulds (Figure 5c); Specimens were then further cured a normal room environment
for at least 28 days before testing (Figure 5d).
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Figure 5: Preparation of specimens
Test setup
Figure 6 illustrates the setup of the uniaxial compressive test. A 500 kN Instron testing machine was
used to load the specimens. In order to ensure uniform loading during the test, both ends of the
specimens were ground prior to the testing, and the specimen was placed on a bowl-joint. The
displacement control model was selected with the loading rate of 0.6 mm/min for all specimens.

Figure 6: Test setup
RESULTS AND DISSCUSSIONS
The performance of the pumpable standing support and FRP standing support were not only correlated
with the external containment element but were also a function of the infill material (Batchler 2017; Zhao
et al. 2021b). In this study, two types of potential infills with various water-to-grout (w/g) mass ratios and
coal reject fines-to-the mixture (c/m) / tailings-to-the mixture (t/m) volume ratios were evaluated using
laboratory tests with the test results being summarised in Table 1.
Effect of water-to-grout ratio on the UCS of the infills
Figure 7 illustrates the influence of various water-to-grout (w/g) ratios on the UCS of the infills. As
expected, the UCS of the infills generally decreased as the w/g ratio increased, except for the two groups
in which the coal reject fines and tailings accounted for 70% of the volume of the specimens. The UCS
of the C7G3 and T7G3 group specimens firstly increased as the w/g ratio grew from 0.8 to 1, and then
it declined as the w/g ratio increased to 1.2. To be specific, the UCS of C7G3 group specimens averaged
6.9 MPa with the w/g ratio being 0.8, then increased to 8.6 MPa when the w/g ratio was equal to 1, but
fell to 5.8 MPa when the w/g ratio increased further to 1.2. This is likely due to the poor workability of
the mixture at the relatively low w/g ratio of 0.8. As shown in Figure 8, the low workability mixture
resulted in honeycombs in the specimens, which adversely affected the strength of the specimens.
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Compared to the two types of infill material, the control group, made of 100% cementitious grout,
experienced the most significant decrease in UCS when the w/g ratio increased. This was due to
excessive amounts of water in the control group that was not observed in the infill groups. Evaporation
of the excessive water resulted in the formation of pores in the specimen and consequently lowered its
strength. Specifically, the average compressive strength of the control group was 17.2 MPa at the w/g
ratio of 0.8, it dropped by 41% and 56% when the w/g ratio increased to 1 and 1.2 respectively. The infill
material made of 10% coal reject fines and 90% cementitious grout exhibited a relatively smaller fall in
strength when compared with the control group, the decreases in UCS were 28% and 42% when the
w/g ratio increased from 0.8 to 1 and 1.2 respectively. The smallest decline in UCS for this infill occurred
in the group of specimens made of 50% coal reject fines and 50% cementitious grout, with a UCS
reduction of 12% and 33% respectively. Likewise, the smallest drop in UCS for the other infill material
occurred in the group of specimens made of 50% tailings and 50% grout.
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Figure 7: Effect of water-to-grout ratio on the UCS of the infills

Figure 8: Honeycombs in the specimens
Effect of coal reject fines/tailings volume ratio on the UCS of the infills
To investigate the feasibility of incorporating coal reject fines and tailings into the infills for standing
supports, various groups of specimens with different coal reject fines-to-the mixture (c/m) and tailings-
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to-the mixture (t/m) volume ratios were tested. The evaluated c/m and t/m ratios ranged from 10% to
70%, with an increment of 20%. To better demonstrate the effect of the mine waste on the strength of
the infills, a strength enhancement ratio (fi / fc) was proposed for this study, it referred to the ratio of the
UCS of the infill (fi) to the UCS of the corresponding control group specimen (fc). The results are listed
in Table 1 and illustrated in Figure 9.
It is clear from Figure 9a that the strength enhancement ratio of the infills comprising coal reject fines
and the grout was smaller than 1 at the w/g ratio of 0.8, indicating that the UCS of the infill was lower
than that of the control group specimens. The UCS of the infill generally decreased as the coal reject
fines volume increased. This was probably because the workability of the mixture deteriorated as a
result of increased volume of the coal reject fines. The lower workability was likely to lead to more air
voids in the mixture. which resulted in a weaker specimen. At the w/g ratios of 1 and 1.2, the infills were
generally stronger than the control group specimens, except for the infills with a c/m ratio of 70%, again
this was attributed to the poor workability as explained above. When the w/g ratio was 1, the strength
enhancement ratio of the infill increased slightly from 1.12 at the c/m ratio of 10% to 1.13 at the c/m ratio
of 30%, it kept increasing and reached the peak of 1.32 at a c/m ratio of 50%, after that, the strength
enhancement ratio started to drop to 0.85 at the c/m ratio of 70%. A similar tendency was also observed
when the w/g ratio was 1.2, the peak strength enhancement ratio also occurred at the c/m ratio of 50%,
being 1.31. The results demonstrated that the improvement in the UCS of the specimens was not
significant when replacing up to 30% of the grout, whereas an increase of over 30% in UCS was
achieved when 50% of the grout was replaced by the coal reject fines.
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Figure 9: Effect of the volume ratio of (a) coal reject fines and (b) tailings on the UCS of the
infill material
As shown in Figure 9b, only the group of specimens made of 70% tailings and 30% grout at the w/g
ratio of 0.8 had a strength enhancement ratio lower than 1, the strength enhancement ratios of all the
other groups were greater than 1, indicating that it is feasible to replace part of the grout in the infill
without decreasing its strength. At the w/g ratio of 0.8, the strength enhancement ratio of the infill
increased from 1.02 to 1.29 when the tailings volume ratio grew from 10% to 30%, then it started to
slightly decline to 1.21 with the t/m ratio at 50%, followed by a significant drop to 0.44 at the t/m ratio of
70%. The reason for the remarkable drop in UCS was again due to the low workability of the mixture as
explained above. When the w/g ratio was 1, the strength enhancement ratio of the infill initially increased
as the volume ratio of the tailings went up, it peaked at 1.56 at the t/m ratio of 50% and then it started
to drop. The groups of specimens with the w/g ratio of 1.2 experienced the same trend as those with the
w/g ratio of 1. The group of infills with the t/m ratio of 50% had the greatest strength enhancement ratio,
being 1.92. It is worthwhile to note that the strength enhancement ratio of the infills made of tailings and
grout was positively proportional to the w/g ratio.
Compared with the infills made of coal reject fines and the grout, the infills made of tailings and grout
generally had a greater strength enhancement ratio. This was probably because the particles in the
tailings were finer than those of the coal reject fines, the finer particles were likely to reduce the air voids
in the mixture thus contributed to stronger specimens.
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CONCLUSIONS
This study assessed two potential infills for standing supports using laboratory testing. One of the infills
was made of coal reject fines and a cementitious grout, the other was made of tailings and cementitious
grout. 81 specimens were prepared and subjected to the UCS test, effects of water-to-grout (w/g) ratio
and coal reject fines-to-mixture (c/m)/tailings-to-mixture (t/m) ratio on the UCS of the infills were
evaluated. The UCS of both of the two infills decreased as the w/g ratio increased, except for the groups
in which the mine waste volume ratio reached 70%.
Test results indicate that at the w/g ratio of 0.8, it was not feasible to replace part of the grout in the infill
with coal reject fines, because the UCS of the infill was weakened.
However, the infills with the coal
reject fines not greater than 50% with w/g ratios of 1 and 1.2 were stronger than their control group
specimens.
Almost all the groups of infills made of tailings and grout were stronger than their control group
counterparts, with the exception of the group of infills made of 70% tailings and 30% grout at the w/g
ratio of 0.8. At the w/g ratio of 1 and 1.2, the UCS of this infill generally increased as the volume of the
tailings grew when the t/m ratio was not greater than 50%. The group of infills with a w/g ratio of 1.2 and
t/m ratio of 50% had the highest strength enhancement ratio of 1.92. The infill made of tailings and the
grout was generally stronger than that made of coal reject fines and the grout.
ACKNOWLEDGEMENTS
The authors would like to thank ACARP for providing the funding. In-kind support from Minova Australia
is highly appreciated. Thanks are also extended to technical officer Duncan Best, Ritchie McLean, Gavin
Bishop and Travis Marshall for their support in the laboratory.
REFERENCES
Barczak TM 2005. An overview of standing roof support practices and developments in the United
States. In: Proceedings of the Third South African Rock Engineering Symposium: South African
Institute of Mining and Metallurgy, Johannesburg, Republic of South Africa, October, pp 301–334.
Barczak TM 2017. Research developments that contributed to the landscape of longwall roof support
design over the past 25 years. In: Syd P, editor. Advances in Coal Mine Ground Control. Elsevier.
Batchler T 2017. Analysis of the design and performance characteristics of pumpable roof supports. Int
J Min Sci Technol; 27:91–9.
Barczak TM and Tadolini SC 2005a. Standing support alternatives in western longwalls. National
Institute for Occupational Safety and Health, Salt Lake City, pp. 1–10.
Barczak TM and Tadolini SC 2005b. Pumpable roof supports: an evolution in longwall roof support
technology. Trans-Soc Min Metall Exploration Incorpor; 324:19–31.
Barczak TM, Esterhuizen GS and Dolinar DR 2005. Evaluation of the Impact of Standing Support on
Ground Behavior in Longwall Tailgates. Proceedings of the 24th International Conference on Ground
Control in Mining, Morgantown, WV, pp. 23-32.
Campoli AA 2015. Selection of pumpable cribs for longwall gate and bleeder entries. In: Proceedings of
the 34th International Conference on Ground Control in Mining, 7, pp 80–82.
Dolinar D 2010. Ground and Standing Support Interaction in Tailgates of Western U.S. Longwall Mines
Used in the Development of a Design Methodology Based on the Ground Reaction Curve.
Proceedings of the 29th International Conference on Ground Control in Mining, pp. 152–160.
Galvin J 2016. Ground engineering-principles and practices for underground coal mining. Cham:
Springer.
Yu T, Zhao HC, Ren T and Remennikov A 2019. Novel hybrid FRP tubular columns with large
deformation capacity: concept and behaviour. Compos. Struct. 500–512.
Zhao H, Ren T and Remennikov A 2021a. A hybrid tubular standing support for underground mines:
Compressive behaviour. International Journal of Mining Science and Technology; 31(2):215-224.
Zhao H, Ren T and Remennikov A 2021b. Standing support incorporating FRP and high water-content
material for underground space. Tunnelling and Underground Space Technology; 110:103809.
Zhao H, Ren T and Remennikov A 2021c. Behaviour of FRP-confined coal rejects based backfill material
under compression. Construction and Building Materials; 268:121171.

University of Wollongong, University of Southern Queensland, February 2022

232

2022 Resource Operators Conference (ROC 2022)

APPLICATION OF A GEOGRAPHIC INFORMATION
SYSTEM (GIS) FOR SELECTING THE LOCATION OF
A COAL WASTES DUMP-A CASE STUDY
Behshad Jodeiri Shokri1, Faramarz Doulati Ardejani2, Mehdi
Bagheri3, Shima Entezam1, Ali Mirzaghorbanali1, Kevin McDougall1
and Naj Aziz4
ABSTRACT: The Gheshlagh mining region, which includes more than ten active and several abandoned
coal mines, is one of the most significant regions for coal mining in northern Iran. Due to the lack of more
suitable ecological and environmental strategies for coal wastes management from these mines, a large
amount of wastes has been dumped in the vicinity of the mines. The primary purpose of this research
is to propose a new methodology for selecting a site for coal waste piles applying GIS in the Gheshlagh
region. For this, the coal waste piles have been firstly detected by field observations and based on
environmental aspects. All the required maps, including farmlands, surface streams such as seasonal
rivers, forests, and residential areas have been run in the ArcView software package. Finally, the best
location of the site for dumping the coal wastes with an area of 27 hectares has been detected and
suggested in the Gheshlagh coal region using the IDRISI software package considering environmental
and economic aspects. These studies are beneficial for mine planners to reduce the environmental
issues nearby the mining operations.
BACKGROUND
Coal is one of the most critical energy resources used for 50 % of global electricity production. However,
it causes several environmental concerns associated with land use, waste, water, and air pollutants
which are considered a long-term risk to public health. For example, the world health organization
(WHO) in 2008 reported that coal pollutants had shortened around 1,000,000 lives annually worldwide
(Wang et al., 2011). Among the coal pollutants, coal waste piles are one of the primary sources of these
pollutants, contaminating soil and water resources in both coal regions and the surrounding areas.
Indeed, the oxidation process of sulfide minerals, specifical pyrite, generates acid mine drainage (AMD),
resulting in water and soil pollution from the coal waste piles. This process is very complicated, and
substantial chemical, biological, and physical parameters can be involved (Molsen et al., 2005).
Iran is one of the essential coal producers in the Middle East and has a vital role in the steel industry.
The primary coal resources include the Tabas coal resources, Alborz coal basin, and Kerman coal
resources. The coal mines are mainly located in the Alborz coal basin, consisting of three zones: the
eastern, the central, and the western Alborz located in the Semnan, Mazandaran, and Golestan
provinces, respectively (Jodeiri Shokri et al. 2016). The Golestan province with 11 active mines in the
Azad Shahr-Ramian and the Gheshlagh region are major coal producers in Iran. Razi, Vatan, Olang,
and Kalat are the most important coal mines in the Gheshlagh region. Coal washing plants in the
Gheshlagh region have produced a large volume of coal waste dumped in the area without considering
environmental and economic aspects. The pollution problem also consists of land unsafe for domestic
people and wildlife. Dumping has also affected the natural landscapes and tourism industry.
Over the last decade, some researchers have made considerable efforts to investigate and study the
coal waste environmental problem in the Alborz coal region (Doulati Ardejani et al. (2008), (2010),
Jodeiri Shokri et al., (2014); (2016 a, b); Sadeghiamirshahidi et al., (2013 a, b); Shafaei et al. (2016);
Shahhosseini et al. (2013), (2016) Hadadi et al., (2019); (2020)). Doulati Ardejani et al. (2008) used
geophysical and geochemical methods to detect the area affected by an abandoned coal waste pile in
the Alborz Sharghi region in the eastern part. They found that the waste pile had an essential role in
1
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contaminating the area. However, Shafaei et al. (2015) revealed that tailing impoundments near the coal
washing plant are the primary source of the local contaminant. The pyrite oxidation process occurring
in the pile was also evaluated by a combination of three-dimensional (3D) geo-electrical data inversion
and two-dimensional (2D) numerical modeling of long-term pyrite oxidation and multi-component
reactive transportation of the oxidation products (Jodeiri Shokri et al. (2016 b)). They found that the
oxidation occurred in the upper layers of the pile. Moreover, the results showed that further pyrite
oxidation will generate more oxidation products that reach the pile base in the future. Finally, they also
proposed a reclamation scenario by placing an impermeable cap on the pile surface.
In central Alborz, Shahhosseini et al. (2013), used geochemical and mineralogical characterization for
a coal waste pile surrounding the Anjir Tangeh coal washing plant in Zirab, Mazandaran Province. The
results showed that the pyrite oxidation process has occurred at the depth of the pile. The results also
revealed that the subsequent leaching of the oxidation products such as Mn, Zn, Cu, Cd, Pb, and Ag
are the most important contaminants in this area. Doulati Ardejani et al. (2014) also presented a
numerical multi-component reactive model for pyrite oxidation in this pile.
In the western Alborz, Doulati Ardejani et al. (2010) investigated pyrite oxidation and AMD generation
by geochemical and numerical methods in the Azad Shahr–Ramian region. They also studied the impact
of AMD on the quality of the surface water bodies, investigated by taking samples and analyzing them
for hydro-geochemical parameters. The results from the geochemical analyses of water and coal
samples and numerical simulation showed that pyrite oxidation and acid generation were taking place
in this region.
Despite the valuable research, the literature reviews revealed a lack of research in associated with
finding the best location of coal waste piles in the Alborz coal basin. For this reason, in this research,
we propose a new methodology to find the best site location of the coal wastes piles using the GIS
technique in the Gheshlagh region.
SITE DESCRIPTION
The Gehshlagh region is located 40 km from Shahrood and 7 km off the Azad Shahr-Shahrood road,
northeast Iran (Figure 1). Gheshlagh and Vatan mines are the main coal mines in the area. Due to the
presence of only one coal washing plant located in the vicinity of the mines focus has been on both
mines. The topography of the mining area is rough. The weather is very cold in winter and moderate
and humid in summer. The average annual precipitation at the site has been 702 mm over a 10-year
period. The study area is located in Khoush Yeylagh 1:100,000 geological sheet. Coal seams in the
Gheshlagh mine are interbedded with Upper Triassic– Lower Jurassic argillites, siltstones, and
sandstones of the Shemshak formation. The coal seam is bounded by dolomite limestone on the lower
part (Elica formation) and by thick layers of limestone (Lar formation) on the upper part (Geological
Survey of Iran 2002). Figure 1 shows the geographical location of the Gheshlagh coal mine.

Figure 1: Geographical situation of the Gheshlagh mine (Doulati Ardejani 2010)
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Characterization of the coal waste piles in the area
Coal processing in the region has caused many waste piles and posed many environmental concerns.
For example, the biggest pile is located adjacent to the river ﬂowing through the mine site. This may
increase the risk of AMD generation and transportation of the oxidation products which may be affected
by the surface and underground water bodies in the area. A general view of the coal waste piles is
shown in Figure 2. Unfortunately, the waste produced by the coal washing plant is mostly dumped in
two places. At the first location, due to the presence of several hills in the northern part of the area, the
waste is dumped in the foothills. At the second location, the waste is transported to ﬂat areas in the
nearby lands where they are dumped and degraded to leave space for more wastes. Field observations
also revealed that the mining activities produced many environmental problems, such as lack of soil
vegetation around the waste dumps, discharge of mine efﬂuents and water drainage, the formation of
waste disposal sites near rivers, watercourses and agricultural and forest areas, and deterioration of the
natural landscape. Moreover, due to high precipitation in the area, the leaching and transportation of
heavy metals may be facilitated in the area.

Figure 2: General View of the wastes piles in the Gheshlagh coal region
MATERIALS AND METHODS
Geographic information systems (GISs) are computer software and hardware systems that allow users
to capture, store, analyze and manage spatially referenced data. GISs have transformed the way spatial
(geographic) data, relationships, and patterns in the world are able to be interactively processed,
analyzed, mapped, modelled, visualized, and displayed for an increasingly large range of users, for a
multitude of purposes. Finding the best site locations for cement, mineral processing plants, oil, and gas
refinery plants or landfill is one of the GIS applications which is ordinarily used in prefeasibility studies
and pre-planning designing of a project. The best locations for waste dumps should deal with some
critical factors. Osanloo and Ataei (2003) described the most important factors such as the pile capacity,
amount and volume of the waste, the time, cost and type of waste haulage from the plant to pile,
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topography conditions, facility access for workers, and environmental concerns which affect the site
selection for waste rock disposal. In this paper, site selection of the best location for dumping waste has
been conducted using the GIS technique. The first step is for all required local maps sheets in scales 1:
25,000 including the farmlands, residential areas, floods, available wastes piles, transportation and
communications roads, rivers, and stream sediments to be exported to the ArcView software package.
Some assumptions, to find the best site location was defined in ArcView. Then, each map is run in
ArcView and all results, in Bitmap format, are exported to the Terrset software package.
IDRISI GIS COMPONENT IN TERRSET
There are two basic types of layers in GIS: raster image layers, and vector layers. The raster image
layers has been used in this research. TerrSet is a PC grid-based system that offers tools for researchers
engaged in analyzing earth system dynamics for effective and responsible decision-making for
environmental management, sustainable resource development, and equitable resource allocation. The
IDRISI GIS component in TerrSet provides a very rich set of tools for the assessment of distance across
space including Euclidian distance, non-Euclidian cost distance where the effect of friction to movement
is accommodated, to anisotropic cost distance where the friction is different in various directions. The
IDRISI GIS includes a wide selection for filtering, pattern analysis, and determining rates and
directionality of change (such as slope and aspect). The latter can be used to describe force vectors.
Tools are provided for the combination of these force vectors to derive resultant forces (Eastman, 2015).
The main factor in IDRISI is to give a code to each of the quantitative parameters, explained before in
the text. Integer values can be used to represent quantitative values or can be used as codes ranging
from 0 to 255 for categorical data types (Eastman, 2015). Indeed, waste maps indicating the best site
for dumping the waste will record considering six types on a particular map. Since IDRISI images are
stored in numeric format, these types can be given integer codes 1, 2, 3, 4, 5, and 6 respectively.
Moreover, the required quantitative parameters such as transportation and communication roads have
been also specified by a type of color which was zero coddings in this research. Finally, if there is any
overlapping current of the obtained maps, the best location of the wastes pile would be found.
Rivers and surface sediments map
The rivers can have an effect on the process to find the best site for the optimum pile in an area.
Therefore, the rivers and surface sediment maps should be prepared for the area to be studied if in a
forest area, having a high amount of precipitation with persistent seasonal and permanent rivers (Figure
3).

Figure 3: Rivers and surface map in the area
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Farmlands map
Agricultural, specifically rice and cereal cultivation is prevalent in the area because of the abundance of
water in the region and ideal weather conditions. Pollutants caused by the accumulation of wastes can
pollute agricultural water and damage the plants. Therefore, a map of local agricultural lands should be
considered as an important map (Figure 4).

Figure 4: The Farmlands map in the area
Residential map
Due to the close proximity of the villages within the region to the coal mines and coke producers, the
residential map plays an important role in determining the best site for the pile (Figure 5).

Figure 5: The residential map in the area
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Transportation and communications roads map
As the selected location is far from transportation roads, it is not economically practical to transport
waste for long distances or construction new roads, the current road map of the area is also one of the
determining factors in locating the pile (Figure 6)

Figure 6: The roads map in the area
Flooding map
Several floods have occurred in the area. Moreover, field observation shows that several wastes piles
are located nearby local rivers. Therefore, considering the flooding map is necessary for this research
(Figure 7).

Figure 7: The Flooding map of the area
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Forest area
There are more than 10,000 hectares of forest area specifically in the northeast and the southwest of
the selected area. Pollutants especially acid mine drainage (AMD) which are result from the existed
piles can affect the forest area in the long term (Figure 8).

Figure 8: The forest area in the region
Satellite image of the area
As mentioned, the ArcView software can read and support raster formats (imagery). For this, a satellite
image of the area including a pixel network grid (73496×11114) is used as the background for the maps
(Figure 9).

Figure 9: The satellite image of the area
Some assumptions for site selection
The following six conditions are considered for the selection of the best site for dumping the waste in
the area due to the huge forested area, high precipitation, the level of the water table, and several rivers:




Due to the high cost and time associated with building and maintaining transportation roads,
the site location should not be more than 6 kilometers from the coal mine.
The site location should be at least 2 kilometers away from any residential areas.
The suggested pile should be at least 0.5 kilometers away from local rivers due to the possibility
of AMD generation and leaching of its’ products.
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The location should not be more than 1.5 kilometers from the main roads.
Any agriculture area should be at least 0.5 Km away from the proposed site.
Any forest area should be at least 1 Km away from the site.

Preparation of edited map based on supposed conditions in IDRISI software package
In this step, the surrounded area of each map, described in sections 3-1 to 3-7, should be valued using
the maps derived from the ArcView software. Coding number 1 is assigned to the areas if they meet
each condition. If not, they should have zero codings. Codes on each map should be as per Table 1.
Table 1: The given codes 0 and 1 to each prepared map
Type of map
Mines

Code 1 is given for the areas
0 to 5 Km far away the mine

The residential areas

from zero to 2 km

The rivers
The roads
The farmlands
The forest areas

More than 0.5 Km
From 0 to 1.5 Km
More than 0.5 Km
More than 1 Km

Code 0 is given for the areas
For the area which are more than 5 Km
away the mine.
For the areas which have distance more
than 2 Km
From 0 to 0.5 km
More than 1.5 Km
From 0 to 0.5 Km
From 0 to 1 Km

Figure 10 shows the prepared map after applying the codes in the IDRISI software package. The green
and grey parts in the results have codes 1 and 0, respectively. Indeed, the green parts are the results.
Finally, overlaying parts of the maps suggest the best location of the pile. Unfortunately, we can only
have two maps to determine overlaying areas using the IDRISI software. Therefore, the overlaying maps
are as follow:





Figure 11 (b1) shows the overlaying map between mines and residential maps.
The overlaying map between the maps of the rivers and roads is depicted in Figure 11 (b2).
Figure 11 (b3) represents the overlaying map between the farmlands and the forest areas.
The overlaying map between maps of (b1) and (b3) is described as (C1).

Figure 10: the prepared map after applying the codes in the IDRISI software package
Finally, the best location for dumping the waste in the area would be the overlaying map between maps
of c1 and b3.
As seen in Figure 12, only a small area has all conditions and assumptions met. The specification of
the selected area is:



3400 m away from the Gheshlagh mine,
2200 m away from the first residential area,
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630 m distance from the nearest road,
770 m far from the river,
680 m away from the nearest farmland,
1365 m distance from the nearest forest area,
The geography coordination of the proposed file is 4089500 and 352930 for longitude and
latitude respectively.

Figure 11: The overlaying maps between the results

Figure 12: The best location of the suggested wastes piles
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CONCLUSIONS
In this paper, the environment and mines of the Azad-Shahr were investigated briefly. The field
observation revealed more than ten active coal mines and several abandoned mines in the area,
producing a large amount of waste. The waste was dumped without any environmental aspects
considered. This waste will generate many environmental concerns in the area in the long term. For
wasting management, we first prepared required maps of the region's residential, farmlands, rivers,
floods, roads, mines, and forest areas. Then these maps were imported to the ArcView software. The
resulting maps were then exported to the IDRISI software package. After considering some assumptions
and coding, a map of the results that indicated the best location for the waste pile was generated.
Eventually, the suggested area with 27 hectares was selected near the Gheshlagh mine.
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PROBABILISTIC RISK ASSESSMENT OF ACID MINE
DRAINAGE GENERATION RESULTED FROM
CHALCOPYRITE OXIDATION PROCESS WITHIN
SARCHESHMEH COPPER MINE TAILINGS
Shima Entezam1, Behshad Jodeiri Shokri1, Faramarz Doulati
Ardejani2, Ali Mirzaghorbanali1, Kevin McDougall1 and Naj Aziz1,3
Abstract: A probabilistic predictive method for estimating the risk of acid mine drainage generation within
the copper tailings dump of the Sarcheshmeh copper mine, Iran, has been presented in this paper. For
this purpose, the input and output parameters were determined after gathering historical data and
building an appropriate database. Some of the critical parameters, including depth, and concentrations
of bicarbonate, chloride, nitrate, and nitric, were considered input data, while the output parameters
were chalcopyrite, pH. The best distribution functions on each input parameter were found by Chi Sq.
criteria. Subsequently, the best linear statistical relationships between the input and output data were
determined. Then, the best probability distribution functions of output parameters were defined by
inserting the input parameters in the obtained linear statistical relationship. The results showed that the
remaining chalcopyrite fraction values were between 0.1094 % and 0.2159% at a 90% probability level.
In contrast, the pH values would be expected between 3.13 and 8.04 at this probability level.
BACKGROUND
Acid mine drainage (AMD) is one of the environmental issues which generally results from mining
activities. AMD is naturally generated when the sulfide minerals are exposed to atmospheric weathering.
AMD can affect the environment long-term if there is no appropriate environmental management. The
most important chemical reaction of chalcopyrite oxidation in AMD generation is as follow:
CuFeS2 + 16Fe3+ + 8H2O→ Cu2+ + 17Fe2+ + 2SO42- + 16H+
(1)
As seen, the complete oxidation of chalcopyrite produces no acid product. Nevertheless, a combination
of the ferrous iron and iron hydroxyl oxidation process is known to regenerate the acid (Reaction (2)).
2CuFeS2 +

17
O + 5H2 O → 2Cu2+ + 2Fe(OH)3 + 2SO4 2− + 4H +
2 2

(2)

Rimsdith et al. (1994) found that chalcopyrite oxidation accelerates with rising the ferric iron
concentration. Over fifty years, significant research has been done to study the pyrite oxidation process
resulting from mining wastes or tailing. For instance, Doulati Ardejani et al. (2004) proposed a finite
volume model solution to simulate the pyrite oxidation process in coal tailings. Their suggested model
was based on oxygen diffusion, groundwater flow, and transportation of oxidation products. Doulati
Ardejani et al. (2008) presented a one-dimensional mathematical model incorporating the finite volume
technique to describe pyrite oxidation and transportation of the oxidation products from a coal waste
dump (Doulati Ardejani et al., 2008). Jodeiri Shokri et al. (2016) presented a two-dimensional numerical
finite volume model developed to describe the long-term pyrite oxidation and subsequent products
transportation from an abandoned coal waste pile in Iran. Hadadi et al. (2019) applied a probabilistic
approach to predict how acid mine drainage is generated within coal waste particles in the Anjir Tangeh
coal washing region. Also, the pyrite oxidation process was assessed by this probabilistic method
throughout the coal tailings resulting from the Alborz-Sharghi coal processing plant (Hadadi et al., 2020).
Jodeiri Shokri et al. (2020) applied gene expression programming (GEP) for predicting the AMD
generation potential throughout copper tailings. Four predictive relationships for the remaining pyrite
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fraction, remaining chalcopyrite fraction, sulfate concentration, and pH have been suggested by applying
GEP algorithms. Although many research works have been conducted on AMD generation based on
the pyrite oxidation process, there is a bit of significant research on predicting the chalcopyrite oxidation
process. Therefore, this paper predicted chalcopyrite oxidation within a copper waste pile using a
probabilistic method.
MATERIALS AND METHODS
Site description
Sarcheshmeh copper mine is situated 50 km to the south of Rafsanjan in the central part of Zagros
Mountain Range. Based on the field observations and previous research works, mineral processing
operations result in more than 24 megatons of tailing over an area of more than 4 km2 within the studied
area. In some cases, the dump height reaches 12 m (Jannesar Malakooti et al., 2014).
Methodology
All experimental data were collected from previous studies such as Jodeiri Shokri et al. (2020) (Table
1). The depth of the wastes within the pile, the fraction of diffused oxygen through the wastes particles,
chloride, nitrate, and nitric and bicarbonate concentration within the pile as capability of AMD
neutralization were considered inputs data. Moreover, the remaining chalcopyrite fraction and pH were
chosen as outputs data. Then, comprehensive statistical analyses were done to find the best
relationships between outputs and inputs.
Table 1: Database of Sarcheshmeh copper tailings dump (Jodeiri Shokri et al. (2020))
No.

Depth

Bicarbonate

Chlorid

Nitrite

Nitrate

Remaining

pH

of the

(mg/lit)

e

(mg/lit)

(mg/lit)

chalcopyrite

value

tailings

(mg/lit)

fraction (%)

(m)
1
2
3
4
5
6
7
8
9
10
11
12
13
…
57
58
59
60
61
62
63
64
65
66
67
68
69
70

0.3
0.6
0.9
1.2
1.5
1.8
2.1
2.4
2.7
3
3.3
3.6
3.9
…
0.3
0.6
0.9
1.2
1.5
1.8
2.1
2.4
2.7
3
3.3
3.6
3.9
4.2

0
0
0
0
20
25
30
25
30
22
28
26
25
…
52.5
0
0
42
52.5
42
42
47.2
42
52.5
47.2
46.2
52.5
52.5

42.4
40.7
34.1
30.7
19
22.4
19
17.1
17.2
15.5
15.5
12.1
13.8
…
80.82
78.72
78.78
73.99
67.82
28.61
25.76
22.61
18.09
18.09
18.09
18.09
18.09
22.61

19.8
11
12.2
10.2
14.9
16.9
14.3
14.7
20.3
10.6
6.9
6.7
6.3
…
0.075
0.15
0.075
0.075
0.075
0.075
0.05
0.075
0.075
0.15
0.075
0.075
0.075
0.1

4.3
3.2
1.8
3.1
3.9
4.3
5.2
5.5
7.2
7.6
6.5
6.3
5.9
…
7.13
0
0
0
0
0
0
0
0
0
0
0
0
0

0.06
0.086
0.112
0.129
0.133
0.134
0.134
0.135
0.135
0.13
0.136
0.131
0.137
…
0.049
0.069
0.085
0.12
0.14
0.163
0.177
0.185
0.186
0.192
0.2
0.204
0.208
0.208

2.9
3.1
4.5
4.7
5.6
6.7
7
7.8
7.3
7.6
7.8
8.2
7.9
…
4.2
3.8
3
6.2
7.4
8.1
8.6
8.4
8.4
8.3
8.3
7.9
8.1
8

All parameters involved in the chalcopyrite oxidation process are uncertain. Therefore, it is necessary
to describe their nature uncertainties based on probability distribution. A probability distribution is a
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method for presenting the quantified risk for each parameter. @RISK uses probability distributions to
describe uncertain values in your Excel worksheets and to show results. There are many forms and
types of probability distributions, such as Chi-Sq. Kolmogorov-Smirnov Statistic and Anderson-Darling
Statistic. Each of these forms describes a range of possible values and their likelihood of occurrence
(@RISK Manual, 2015).
After finding the best probability distribution functions for each of the parameters with @RISK ver.7., the
sampling from the functions was done by Monte Carlo simulation in a random. Indeed, Monte Carlo
simulation performs risk analysis by building models of possible results by substituting a range of values,
probability distribution, for any factor with inherent uncertainty. It then calculates results repeatedly, each
time using a different set of random values from the probability functions. Depending upon the number
of uncertainties and the ranges specified for them, a Monte Carlo simulation could involve thousands or
tens of thousands of recalculations before it is complete. Monte Carlo simulation produces distributions
of possible outcome values (@RISK Manual, 2015). Finally, the risk analyses would be finished by
finding the probability distributions functions of the outputs.
RESULTS AND DISCUSSIONS
Probability distributions functions
Probability distributions functions were defined applying @RISK ver.7 for each input. According to ChiSquared Statistics, the best fittings of the distributions for each input were obtained (Figure 1).
STATISTICAL ANALYSES
Relationships between each output and all inputs
To estimate the remaining chalcopyrite, finding the best relationship between each output and all inputs
is necessary. For this, comprehensive statistical analyses were done using SPSS ver. 20. The best
linear regressions between the remaining chalcopyrite fraction, pH values and all inputs are as follow
(Eqs. 3 and 4):
CPy = 0.017 B + 0.001 C - 3.459×10-5D + 0.004 E - 0.008 F + 0.106

(3)

pH = - 0.293 B -0.039 C + 0.051 D + 0.019E -0.150F+ 6.913

(4)

Where:
B: Pile depth (m);
C: Bicarbonate concentration (mg/lit);
D: Chloroide (mg/lit);
E: Nitrate (mg/lit);
F: Nitric (mg/lit).
This experimental expression yields value of 0.98 for the statistical parameters of R-square adjusted
(Table 2).
In the next step, each input's best probability distribution function should be inserted in equations (3)
and (4) to estimate the remaining chalcopyrite fraction and pH. The probabilistic prediction was
simulated based on the Monte Carlo method. The results of meaningful occurrence probability of
predicting remaining chalcopyrite fraction and pH were given in Table 3.
The histogram and the graph of the cumulative probability of the results for the remaining chalcopyrite
fraction are depicted in Figure 2. The results revealed that the values of the remaining chalcopyrite
fraction are between 0.1094% and 0.2159% at a probability level of 90%. Also, the remaining
chalcopyrite fraction will be lower than 0.1160 and 0.240 at the 5% and 99% probability levels,
respectively. Figure 3 shows the best probability distribution function of the output of the Monte Carlo
simulation.
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b)

a)

d)

c)

e)

Figure 1: Best probability distribution functions of input parameters; a) depth, b) bicarbonate
concentration; c) chloride concentration; d) nitrite, and e) nitrate
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Table 2: The statistical results of the linear regression between the remaining chalcopyrite
fraction and input data
Statistical parameters
Mean
Median
Mode
Minimum
Maximum

the remaining chalcopyrite fraction
(%)
0.157
0.158
0.200
0.261
0.009

pH values
6.73
7.60
7.80
8.60
2.90

Table 3: The meaningful occurrence probability of predicting remaining chalcopyrite fraction
Meaningful occurrence
probability (%)
5
50
90
99

the remaining chalcopyrite fraction after
simulation (%)
0.1160
0.170
0.222
0.240

pH values after simulation
3.13
4.05
8.04
8.90

Figure 2: Cumulative graph probability of predicting the remaining chalcopyrite fraction.

Figure 3: The best probability distribution function of the chalcopyrite remaining pyrite
fraction.
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The cumulative probability of predicting pH is shown in Figure 4. The results revealed that the pH values
are between 3.13 and 8.04 at a probability level of 90%. Figure 5 shows the best probability distribution
function of the output of the Monte Carlo simulation.

Figure 4: Cumulative graph probability of predicting pH values.

Figure 5: The best probability distribution function of pH values.
CONCLUSIONS
This paper investigated the chalcopyrite oxidation process within the wastes tailings based on the
probabilistic method. For this, chalcopyrite remaining fraction and pH were considered as output
parameters while bicarbonate concentration, depth of the samples, nitrite, nitrate, and chloride were
input data. After building a database, the linear regression method determined the best relationships
between output and input data. After finding the best relationships, the probability distributions functions
were defined by applying @RISK ver.7 for each input. Then, the distributions were inserted in the
statistical relationships to find the probability distributions of pyrite remaining fraction and pH. The results
revealed that the remaining chalcopyrite fraction and pH values were lower than 0.894 and 4.6 at a 5%
probability level, respectively.
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PREDICTING THE PYRITE OXIDATION PROCESS
WITHIN COAL WASTE PILES USING MULTIPLE
LINEAR REGRESSION (MLR) AND TEACHINGLEARNING- BASED OPTIMIZATION (TLBO)
ALGORITHM
Shima Entezam1, Behshad Jodeiri Shokri1, Shaghayegh Doulati
Ardejani2, Ali Mirzaghorbanali1, Kevin McDougall1 and Naj Aziz1,3
Abstract: Coal mining often leads to significant environmental hazards and health concerns when sulfide
minerals, particularly pyrite, are associated with coal waste. The oxidation of pyrite typically generates
acid mine drainage, a significant problem. This paper presents two mathematical relationships using a
teaching-learning-based optimization (TLBO) algorithm for predicting pyrite oxidation and pH changes
within a coal waste pile from Alborz-Markazi in northern Iran. A dataset was built based on historical
data to achieve this goal. Some influential parameters comprising the depths of the various samples,
oxygen fraction, and bicarbonate concentrations were considered as input data, while the outputs were
pyrite content and pH. Then, the best statistical relationships were suggested between input and output
parameters employing curve and surface fitting methods. Afterward, two multiple linear regression
(MLR) models were presented for predicting pyrite content and pH. Also, two relationships have been
suggested for predicting the same outputs by applying the TLBO algorithm. Comparison of the results
of the latter method with the results obtained using the statistical technique, including correlation
coefficient and root mean squared error (RMSE), revealed that the TLBO could predict the outcomes
better than the MLR.
BACKGROUND
Tailings and wastes resulting from mining activities are the most abundant volume of solid wastes
worldwide. Consequently, mining wastes and tailings cause severe environmental issues, including acid
mine drainage (AMD), surface and groundwater bodies, and soil contamination where sulfidic minerals,
mainly pyrite and chalcopyrite, are exposed to water and atmospheric oxygen. AMD is characterized by
low pH values, high sulfate concentrations, and dissolved heavy metals (Blowes et al., 2003). In addition,
the pyrite oxidation can represent the most critical chemical reaction of the AMD generation in the
presence of oxygen which results in ferrous iron, sulfate, and acid (Eq. 1):
7
+
(1)
FeS2 + O2 + H2 O → Fe2+ + 2So2−
4 + 2H
2
Several critical factors that affect the pyrite oxidation processes are as follows: the presence of oxygen,
ferric iron, temperature, presence/absence of bacteria, Eh, and pH. Indeed, these factors/ parameters
play crucial roles either in determining strategies for further prevention of pyrite oxidation, creation of
control, and management strategies the selection of mineral processing methods, motivating
researchers to perform a vast array of studies on relevant topics that include experimental methods
(e.g., static and kinetic tests) along with numerical, stochastic, and artificial intelligent (AI) techniques to
estimate the parameters affecting the AMD generation over the past decades (Balci and Demirel (2018);
Buckley and Woods 1987; Brown and Jurinak 1989; Chen et al. (2020); Dold (2017); Luis et al. (2020);
Sasaki et al. 1995; Sebogodi et al. (2019); Wiersma and Rimstidt 1994). Doulati Ardejani et al. (2012)
used the GRNN to predict the REEs resulting from neutral alkaline mine drainage (NAMD) at the Razi
coal mine in northern Iran. Sadeghimirshahidi et al. (2013) applied the artificial neural networks (ANNs)
technique to predict pyrite oxidation within a coal pile. Different input parameters, including the depth of
the pile, initial pyrite fraction, diffused oxygen fraction throughout the wastes, and annual precipitation
1 School of Civil Engineering and Surveying, University of Southern Queensland, Queensland, 4350, Australia
2 Third Faculty of Medicine, Charles University, Czech Republic
3 School of Civil, Mining and Environmental Engineering, University of Wollongong, NSW, 2500, Australia
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data, were considered. Jodeiri Shokri et al. (2014a) predicted pyrite oxidation throughout coal waste
particles by applying an adaptive neuro-fuzzy inference system (ANFIS). Jodeiri Shokri et al. (2014b)
suggested several statistical relationships for investigating the pyrite oxidation process in the same
circumstances. Bahrami and Doulati Ardejani (2016) applied the ANN-simulated annealing (SA) hybrid
method to estimate pyrite contents. The results revealed that the SA could predict better estimations
than ANN and statistical methods. Hadadi et al. (2020) applied a probabilistic approach to predict how
acid mine drainage is generated within coal waste particles using historical data. Jodeiri Shokri et al.
(2020) applied gene expression programming (GEP) for predicting the AMD generation potential
throughout copper tailings. Four predictive relationships for the remaining pyrite fraction, remaining
chalcopyrite fraction, sulfate concentration, and pH have been suggested by applying GEP algorithms.
This article has used multiple linear regression (MLR) and the teaching-learning-based optimization
(TLBO) algorithm to suggest alternative relationships for mathematical relationships to predict the AMD
generation process.
SITE DESCRIPTION
The Anjir Tangeh coal washing plant is located in Zirab, 45 km south of Qaem Shahr and 3 km from the
Qaem Shahr-Tehran road in the Mazandaran province northern Iran (Figure 1). The coal tailings dumps
have resulted from coal washing at the processing plant for more than 22 years (Shahhoseiny et al.,
2011).

Figure 1: A view of the coal tailings dump in Anjir Tangeh coal washing Plant
MLR
A multivariate regression model is a regression model in which more than one regression variable is
used. In general, the response variable (y) may depend on n variables (x). Eq. (2) presents an MLR
prediction model with n regression variables:
𝑦 = 𝛽0 + 𝛽1 𝑥1 + ⋯ + 𝛽𝑛 𝑥𝑛 + 𝜀

(2)

where:
y: dependent variable;
ε: model error rate;
and the parameter βj, j = 0,1, ..., n is called the regression coefficients.
The predicted model is a hyperplane in the n-dimensional space of the regression variables xj. However,
this method can also consider the prediction models with a more complex (non-linear) structure than
Equation (3). For example, in the following model:
𝑦 = 𝛽0 + 𝛽1 𝑥1 + 𝛽2 𝑥23 + 𝛽3 𝑒 𝑥3 + 𝛽4 𝑥1 𝑥2 + 𝜀
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A non-linear relationship is sufficient to replace the used variables used with the linear variables to make
it easier to analyze the Equation. In Eq. (3), assuming 𝑧1 = 𝑥1 , 𝑧2 = 𝑥23 , 𝑧3 = 𝑒 𝑥3 , 𝑧4 = 𝑥1 𝑥2 , then Eq.
(3) converts to the MLR (Eq. (4)):
𝑦 = 𝛽0 + 𝛽1 𝑧1 + 𝛽2 𝑧2 + 𝛽3 𝑧3 + 𝛽4 𝑧4 + 𝜀

(4)
TLBO ALGORITHM

In (2011), the TLBO algorithm, which requires no algorithm-specific parameters, was presented by Rao
et al. Compared to other algorithms, the TLBO algorithm requires only common controlling parameters
like population size and the number of generations for its working. Since 2011, the TLBO algorithm has
extensively been applied for optimization problems. The algorithm considers the population of solutions
as a group of students in a class. It selects the best member of the population as the teacher. The
teacher then attempts to train the students to add to their knowledge deals, with the students further
adding to their knowledge upon training by communicating with one another. This algorithm goes
through two stages: the teacher and the student stages (Rao et al., 2011).
The teacher stage
The teacher improves the students' information and knowledge through teaching and training. Equation
(5) describes this stage:
𝑋𝑛𝑒𝑤,𝑖 = 𝑋𝑜𝑙𝑑,𝑖 + 𝑟(𝑋𝑖𝑏𝑒𝑠𝑡 − 𝑇𝐹 𝑀𝑖 )

(5)

where:
r: a random number in the [0, 1] interval;
TF: teaching factor;
Xibest: the best member of the population at the ith iteration (selected as a teacher);
Mi: mean of the class at the ith iteration;
Xold, i: a member that needs to be taught;
Xnew, i: a taught member.
The Xnew, i would be accepted if it is somehow better than Xold, i (Rao et al., 2011).
The student stage
In this stage, each student exchanges information with another randomly selected student to enhance
their knowledge. For the ith member of the population, a member is chosen randomly. Then, if 𝑓(𝑋𝑖 ) <
𝑓(𝑋𝑗 ), the ith member is taught based on Equation (6), while Equation (7) is applied otherwise. This
stage is performed for every member of the population.
𝑋𝑛𝑒𝑤.𝑖 = 𝑋𝑜𝑙𝑑.𝑖 + 𝑟(𝑋𝑖 − 𝑋𝑗 )

(6)

𝑋𝑛𝑒𝑤.𝑖 = 𝑋𝑜𝑙𝑑.𝑖 + 𝑟(𝑋𝑗 − 𝑋𝑖 )

(7)

where:
r: a random number in the [0, 1] interval;
Xold, i: a member that needs to be taught;
Xnew, i: a taught member.
If Xnew, i is better than Xold, i, it replaces the Xold, i (Rao et al., 2011).
DATASET
All experimental data were taken from previous studies such as Shahhosseiny et al. (2011), and Hadadi
et al. (2019) was collected to build a database. The depth of the tailings within the dump, the fraction of
diffused oxygen through the waste particles, concentrations of bicarbonate, and initial pyrite remaining
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fractions within the dump were considered as input data. The remaining pyrite fraction and pH values
were selected as output data. The range of the input and output parameters is given in Table (1). Then,
the MLR and the TLBO algorithms were applied for finding the best relationships between each output
and all the inputs. The dataset was divided into two parts: the training and validation datasets, consisting
of 70% and 30% of the database. All the datasets were chosen randomly.
Table 1: Range of the datasets
Parameter
Depth of the samples (m)
Oxygen fraction (%)
Bicarbonate concentration (mg/lit)
Initial of the remaining pyrite fraction (%)
the remaining pyrite fraction (%)
pH

Symbol
D
O
Bi
Py (i)
Py
pH

Change interval
0.00-4.00
0.00-0.21
1.20-2.51
1.08-1.31
0.9-1.31
3.20-7.40

Type of Parameter

Input

Output

MLR RESULTS
For finding the mathematical relationships for the prediction, the relationships between the parameters
and the dependent variables were calculated by Table Curve v5.01 (Tables 2 and 3).
Table 2: Suggested relationships between input parameters and the remaining pyrite fraction
The relationship between each input
parameter and the remaining pyrite
fraction
𝑷𝒚 ∝ 𝒇(𝑫)
𝑷𝒚 ∝ 𝒇(𝑶)
𝑷𝒚 ∝ 𝒇(𝑩𝒊)
𝑷𝒚 ∝ 𝒇(𝑷𝒚(𝒊))
𝑷𝒚 ∝ 𝒇(𝑫, 𝑶)
𝑷𝒚 ∝ 𝒇(𝑫, 𝑩𝒊)
𝑷𝒚 ∝ 𝒇(𝑫, 𝑷𝒚(𝒊))
𝑷𝒚 ∝ 𝒇(𝑶, 𝑩𝒊)
𝑷𝒚 ∝ 𝒇(𝑶, 𝑷𝒚(𝒊))
𝑷𝒚 ∝ 𝒇(𝑩𝒊, 𝑷𝒚(𝒊))

Suggested relationship

𝑥1 = 𝐷
𝑥2 = 𝑒 −𝑂
1
𝑥3 = 2
𝐵𝑖
1
𝑥4 =
√𝑃𝑦(𝑖)
𝑥5 = 𝑒 −𝐷 + 𝑂
𝑥6 = 𝐷 + 𝑒 −𝐵𝑖
1
𝑥7 = 𝐷 +
√𝑃𝑦(𝑖)
1
𝑥8 = 𝑂 +
𝐵𝑖
𝑥9 = 𝑂 + 𝑃𝑦(𝑖)
1
𝑥10 = + 𝑃𝑦(𝑖)
𝐵𝑖

Table 3: Suggested relationships between input and pH
The relationship between each
input parameter and pH
𝒑𝑯 ∝ 𝒇(𝑫)
𝒑𝑯 ∝ 𝒇(𝑶)

Suggested relationship

𝒑𝑯 ∝ 𝒇(𝑩)
𝒑𝑯 ∝ 𝒇(𝑫, 𝑶)
𝒑𝐇 ∝ 𝒇(𝑫, 𝑩)

𝑥1 = 𝑒 −𝐷
𝑥2 = 𝑂
1
𝑥3 = 2
𝐵𝑖
𝑥4 = 𝐷2.5 + 𝑂3
𝑥5 = √𝐷 + 𝑒 −𝐷
1
𝑥6 = 𝑂 +
𝐵𝑖

𝒑𝑯 ∝ 𝒇(𝑶, 𝑩)

These relationships entered the IBM SPSS v25 software in the next step, and the relationships were
suggested in predicting the remaining pyrite fraction and pH values (Tables 4).
Table 4: the obtained models by using the MLR method for predicting the remaining pyrite
fraction and pH
Model number
1
2
3
1
2
3

Parameter
Py
Py
Py
pH
pH
pH

R-Squared
0.938
0.936
0.933
0.723
0.722
0.712

Adjusted R-Squared
0.919
0.922
0.924
0.663
0.685
0.694
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By comparing the models, model 3 were chosen as the best model for predicting both the remaining
pyrite and pH according to the lower prediction error rate with R-squared and adjusted R-Squared as
following relationships (8) and (9):
0.0391
2.1729
𝑃𝑦 = 2.9391 + (0.0386 × 𝐷) + (0.1084 × 𝑒 −𝑂 ) − (
)−(
)
2
𝐵𝑖
√𝑃𝑦 (𝑖)
𝑝𝐻 = 6.7462 + (0.2441 × 𝑒 −𝐷 ) − (14.8327 × 𝑂) + (

0.5555
)
𝐵𝑖 2

(8)

(9)

Figure (2) shows the error analysis histograms of the proposed models. The model error distribution
functions are normal functions that prove the accuracy of the suggested models.

(a)

(b)
Figure 2: The error analysis histogram of the proposed model;(a) remaining pyrite fraction and
(b) pH values
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THE TLBO RESULTS
The TLBO algorithm was used to optimize the MLR relationships' coefficients. For this, the MLR
relationships were presented in the following equations (10 and 11):
𝑃𝑦 = 𝐶1 + 𝐶2 × 𝐷 + 𝐶3 × 𝑒 −𝑂 +

𝐶4
𝐶5
+
𝐵𝑖 𝐶6 𝑃𝑦 (𝑖)𝐶7

(10)

𝑝𝐻 = 𝐶1 + 𝐶2 × 𝑒 −𝐷 + 𝐶3 × 𝑂 +

𝐶4
𝐵𝑖 𝐶5

(11)

RMSE was selected as the objective function (Eq. 12). MATLAB 2017b was used for building the TLBO
model. The trial and error method recognized the population size and the maximum number of iterations.
These parameters were set to 100 and 400, respectively. The decreasing trends of RMSE were given
in Figure 3.
1

𝑍 = min(𝑅𝑀𝑆𝐸) = min (√

𝑛

(12)

∑𝑛𝑖=1(𝑃𝑖 − 𝑂𝑖 )2 )

Where:
n: number of data;
Pi: estimated data
Oi: is actual data

Pyrite

10,000.0

TLBO

RMSE

1,000.0

100.0
10.0
1.0
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100,000.0
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(b)
Figure 3: Variation of RMSE during the TLBO algorithm wasm being performed
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Relationships (13) and (14) presents the modified models for predicting the remaining pyrite fraction and
pH values, based on the TLBO algorithm:
𝑃𝑦 = 1.042 + 0.039 × 𝐷 + 0.051 × 𝑒 −𝑂 −

0.195
0.49
−
21.01
𝐵𝑖
𝑃𝑦 (𝑖)14.875

𝑝𝐻 = 6.895 + 0.001 × 𝑒 −𝐷 − 15.388 × 𝑂 +

(13)
(14)

7.096
𝐵𝑖 17.373

MODELS' VALIDATION
After finding the predicted relationships, the models' validations was done. The RMSE and R-squared
coefficients have been presented in Table 5. As seen, the TLBO relationship could predict the remaining
pyrite fraction and pH values better than the MLR prediction.
Table 5: statistical results including RMSE and R-squared values in predicting the remaining
pyrite fraction and pH
Predicted Parameter

Remaining Pyrite

pH

Methods
RMSE

MLR

TLBO

MLR

TLBO

Modelling

0.00056

0.00058

0.341

0.303

Validation

0.01196

0.01517

0.620

0.553

Modelling

0.938

0.94000

0.723

0.753

Validation

0.801

0.80300

0.702

0.718

R Square

CONCLUSIONS
The MLR and TLBO algorithms were applied to suggest four relationships in the AMD generation
process based on the pyrite process in coal tailing particles. After collecting the data, it was divided into
training and validation datasets. Then, using the TLBO algorithm, two empirical relationships were
proposed for predicting the remaining pyrite fraction and pH values based on samples' depth,
bicarbonate concentrations, Oxygen fraction, and initial pyrite. Accordingly, the RMSE of the validation
models was calculated as 0.015 and 0.553 for pyrite, and pH values, respectively, with the R-squared,
being 0.803and 0.718, respectively. The results showed that the TLBO algorithm model offers a more
accurate prediction than the MLR.
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EFFECT OF BOUNDARY CONDITION ON SHEAR
BEHAVIOUR OF ROCK JOINT
Mairaj Soomro1, Shivakumar Karekal1 and Buddhima Indraratna2
ABSTRACT: The presence of inherent discontinuities within a rock mass poses significant influence on
its shear strength-deformation characteristics. Therefore, it is important to study the rock joint
performance within the laboratory for the safe and economical design of underground structures (such
as mine roadways) in jointed rock mass, stability analysis of jointed rock slopes and foundation design
on a fractured rock mass. To study the rock joint mechanics and principles governing its shear
behaviour, this research is focused on the behaviour of natural rough rock joint within the laboratory
under Constant Normal Load (CNL) and Constant Normal Stiffness (CNS) boundary condition using
servo-controlled direct shear apparatus at the University of Wollongong, Australia. It was observed from
the experimental results that the CNS testing procedure truly simulates the shearing mechanism of an
actual field unlike CNL, and the shear strength evaluated rock joint is underestimated under the CNL
boundary condition. Also, the shear strength envelope under CNS exhibits non-linearity in contrast with
the bilinear strength envelope under CNL boundary condition.
INTRODUCTION
The mechanical behaviour of a jointed rock mass is governed by the discontinuities present within the
rock mass, and these discontinuities can be in the form of joints, weak bedding planes, faults, etc. (ISRM,
1978). The heterogeneous nature of inherent discontinuities poses an inevitable threat to the stability of
excavations, by significantly reducing the shear strength, derived within the rock mass; such as, mine
roadways, tunnels, adit. Here, the term ‘joint’ is used to represent discontinuities. In other words, rock
joints dominate the strength-deformation behaviour of a rock mass due to the spatial distribution of the
asperities on the surface. Therefore, it is also important to correctly characterize the surface roughness
of a rock joint. To evaluate the shear behaviour of rock joints within the laboratory, many researchers in
the past have focused on the conventional direct shear test on rock joints where applied normal stress
on the rock joint interface is kept constant throughout the shear test (Patton, 1966, Archambault et al.,
1997, Ladanyi and Archambault, 1977, Bandis, 1983, Ghazvinian et al., 2010). This particular type of
testing simulates the shear behaviour of planar joints, however, in the actual field, the rock joints are
non-planar in nature and exhibit dilation, and this causes an inevitable increase in normal stress. Thus,
the shearing process of a rock joint is no longer under Constant Normal Load (CNL); however, it is the
stiffness of the surrounding rock mass that controls the shear behaviour, and this condition is shearing
under Constant Normal Stiffness (CNS) boundary condition (Indraratna et al., 1998, Mirzaghorbanali et
al., 2014, Indraratna et al., 2015, Thirukumaran and Indraratna, 2016) as shown in Figure 1.
The present study explains a non-contact procedure to characterize 3D surface roughness of a rock
joint, and explains the effect of boundary conditions on the shear behaviour of the rock joint.
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Figure 1: Boundary condition simulation within the direct shear test (a) CNL (b) CNS (Brady
and Brown, 2005)
EXPERIMENTAL PROCEDURE
The shear strength-deformation behaviour was studied by conducting laboratory experiments on
replicated natural rough rock joints under CNL and CNS boundary conditions using a servo-controlled
large scale direct shear apparatus at the University of Wollongong, Australia. Researchers in the past
have used different materials (such as, concrete), but Indraratna (1990) suggested the use of a mixture
of hydro stone (𝐶𝑎𝑆𝑂4 . 2𝐻2 𝑂) and fine sand mixed with water to model soft sedimentary rocks. Also,
the material is readily available, inexpensive and can be moulded into any shape when mixed with water.
The long-term strength of the model material is independent of time after the chemical hydration process
is complete.
A sandstone block was split into two halves to replicate a natural rough surface and then Silicon Rubber
(SRT-30) was used to prepare rubber moulds to cast rock joint specimens for laboratory testing. The
moulded specimens were cured in an oven with a controlled temperature of 38 - 40°C for two weeks.
The average uniaxial compressive strength (𝜎𝑐 ), modulus of elasticity (E), and basic friction angle (𝜙𝑏 )
of the model material was 32.5 MPa, 10.1 GPa, and 30 degrees, respectively.
The surface roughness characterization of the test specimen was performed using a non-contact 3D
scanner and digitiser (VIVID-910). Once scanned and digitized, the surface roughness was
characterised and quantified using the joint roughness coefficient (JRC) model given by Tse and Cruden
(1979). Figure 2 shows a schematic of the 3D laser scanning system used in this study.
The 3D laser scanner was connected to a computer and was controlled and operated by the Polygon
Editing Tool (PTE) software which operates, calibrates, registers, and merges multiple scans, and then
scanned data was exported to quantify the Joint Roughness Coefficient (JRC). Multiple scans were
taken to generate a complete 3D scan, and a fine scanning mode was utilized to enhance the accuracy
of scanning with a 25mm of focal length lens at an approximately 1m working distance maintained for
all scans performed, as suggested by Indraratna et al. (2021) and Soomro et al. (2022). The potential
shear direction is well-defined in most cases; therefore, the roughness of a rock joint is evaluated from
cross-sectional profiles taken parallel to the potential shear direction as suggested by ISRM (1978). To
obtain the rock joint profiles along the defined shear direction, the 3D scan of each rock joint specimen
surface was digitized at an equal interval of 5 mm, and 23 cross-sectional profiles were taken, and the
JRC of each profile was determined and the average was taken as a representative JRC as shown in
Figure 3.
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Figure 2: Schematic of 3D laser scanning system

Figure 3: Digitization of rock joint (surface) specimen
The JRC quantification was carried out as proposed by Barton and Choubey (1977) and recommended
by ISRM (1978). This procedure involved visual matching of each section with 10 standard roughness
profiles, however, Beer et al. (2002) suggested that visual matching of each profile could be subjective,
and many researchers presented different methods to quantify the roughness parameter (Grasselli et
al., 2002, Yang et al., 2001, Indraratna and Haque, 2000), however, the roughness parameter 𝑍2 given
by Tse and Cruden (1979) has the highest 𝑅2 value and is written as:
𝐽𝑅𝐶 = 32.2 + 32.47 log 𝑍2

(1)

where 𝑍2 is the root mean square of the first derivative of the roughness profile, and it can be expressed
in the following discrete form:
𝑛−1

1
(𝑦𝑖+1 − 𝑦𝑖 )2
𝑍2 = [ ∑
]
(𝑥𝑖+1 − 𝑥𝑖 )
𝐿𝑛

1⁄
2

(2)

𝑖=1

where (𝑥𝑖 , 𝑦𝑖 ) and (𝑥𝑖+1 , 𝑦𝑖+1 ) represent the adjacent coordinates of the roughness profile separated
by the sample interval of ∆𝑥 and ∆𝑦 respectively, 𝑛 is the number of measurement points, and 𝐿𝑛 is
the nominal length of the profile as shown in the Figure 4.
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Figure 4: Definition of roughness parameter (Z2)
The basic statistical analysis of JRC of a rock joint specimen is given in Table 1, and the mean value is
selected as the JRC of the test specimen.
Table 1: Statistical analysis of JRC values of each type of specimen
Joint Roughness Coefficient (JRC)
Direct Shear Test Specimen

Mean

Minimum

Maximum

Standard Deviation

11.7

11.54

11.86

0.158

In this study, both types of testing was performed to observe the shear behaviour of rock joints under
CNL and CNS boundary conditions. To conduct the testing, a large-scale servo-controlled direct shear
testing machine, designed at the University of Wollongong (UOW) Australia, and built by CMA
Engineering, Illawarra, was used to perform the direct shear experiments under CNL and CNS condition.
The equipment consisted of four main parts; controller unit, mechanical section, hydraulic section, and
cooler section as shown in Figure 5. The shear box consists of upper and lower parts; the upper part
moves vertically and the lower part moves horizontally, and two actuators are used to apply the load in
both vertical and horizontal directions.
The servo-controlled hydraulic system is composed of an electro-hydraulic vertical actuator with a 50kN
load capacity, 80mm vertical stroke length with electro-hydraulic servo-valve for closed loop control of
vertical load and vertical displacement, and an electro-hydraulic horizontal actuator with a 50kN load
capacity, and ±90mm horizontal stroke length and an electro-hydraulic servo valve for closed loop
control of shear load and shear displacement. Shear and normal loads are measured by load cells, and
shear and normal displacements are measured by using the Balluff’s Magnetostrictive Sensors for
higher accuracy and reliability in position and speed measurements over long stroke lengths with a linear
deviation of ±30µm.
Figure 6 shows testing procedure adopted to perform direct shear tests, and Table 2 shows input
parameters used for testing.
Furthermore, to calculate the shear stress (𝜏) and normal stress (𝜎𝑛 )
displacement (𝛿ℎ ), the following equations were used:
𝜏=

𝑆
𝐵(𝐿 − 𝛿ℎ )

𝜎𝑛 =

𝑁
𝐵(𝐿 − 𝛿ℎ )

at any shear

(3)

(4)

where S is the shear load and N is the normal load any shear displacement (𝛿ℎ ), L is the length of the
specimen, and B is the width of the specimen.
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Figure 5: UOW servo-controlled direct shear equipment
Material
Selection

Specimen
preparation

Roughness
Characterization

Direct Shear Tests
• CNL
• CNS

Figure 6: Direct Shear Testing Procedure

Series

Test Type

JRC

DST-I

Static

11.7

Table 2: Input parameters
Initial Normal Stress
Boundary
(𝜎𝑛𝑜 , 𝑀𝑃𝑎)
Condition
0.25, 0.5, 1.0

CNL and
CNS

Stiffness
(𝐾𝑛 ⁄𝑚𝑚)

Shear Rate
(mm/min)

8

0.1

RESULTS AND DISCUSSION
The direct shear experiments were performed under monotonic loading conditions to study the shear
behaviour of rock joints under CNL and CNS boundary conditions. Initially, the direct shear tests were
performed under CNL, and then CNS to observe the effect of boundary conditions. The tests were
performed on a rock joint specimen (casted using a model material) with a joint roughness coefficient
(JRC) of 11.7 at an initial normal stress (𝜎𝑛𝑜 ) of 0.25 MPa, 0.50 MPa, and 1.0 MPa with a shear rate
of 0.1 mm/min under zero constant normal stiffness (CNL) and 8.0 kN/mm of constant normal stiffness
(CNS) boundary condition. The shear behaviour of the rock joint specimen under CNL and CNS is
plotted in Figure 7. Shear and normal loads were determined by using Eq. (3) and Eq. (4) respectively,
as it incorporates an area correction for accurate determination of shear and normal stresses. As
anticipated, the peak shear stress of the rock joint specimen under CNL is underestimated because the
specimen is allowed to dilate freely, however, the peak shear stress tends to increase with an increase
in horizontal displacement under CNS due to a change in normal stress. Under CNL, the peak shear
stress is reached and then it is stabilized throughout the remainder of the test, however, under CNS, the
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continuous effect of a change in normal stress and restricted dilation is clearly observed with an increase
in shear stress along the horizontal displacement. It is interesting to see that, under CNL, the peak shear
stress is almost reaching to the applied normal stress (𝜎𝑛𝑜 ), and the constant shear stress after reaching
the peak is also indicating the free dilation as shown in the horizontal-vertical displacement plot if Figure
7. Strain hardening behaviour was observed under CNL, however, the rock joint specimen is exhibiting
strain softening behaviour under CNS boundary conditions. It is also interesting to see that the shear
strength envelope under the CNL boundary conditions is showing bilinear behaviour, however, the shear
strength envelope under CNS boundary conditions is showing highly non-linear behaviour as shown in
Figure 8.
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Figure 7: Shear behaviour of rock joint under CNL and CNS boundary condition
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Figure 8: Strength envelope of rock joint under CNL and CNS boundary conditio
CONCLUSIONS
Shear behaviour of a rock joint with a JRC of 11.7 was studied under CNL and CNS boundary conditions
by using servo-controlled direct shear equipment. Under CNL, the normal stress remains constant,
however, under CNS, normal stress changes with horizontal displacement and the variation in normal
stress follows the surface roughness profile of asperities. Shear strength of the rock joint is
underestimated under CNL due to the reduced contact of asperities because of free dilation, however,
shear strength under CNS is more than CNL because of increased asperities contact due to a variation
in normal stress with horizontal displacement. The strength envelope of rock joint under CNL is observed
to be bilinear, however, it is non-linear under CNS boundary conditions.
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